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Modulation of TCR signalling 
components occurs prior to positive 
selection and lineage commitment 
in iNKT cells
Xuyen T. Dinh1,2, Dragana Stanley3, Letitia D. Smith1, Morgane Moreau1, Stuart P. Berzins4,5, 
Adrian Gemiarto1, Alan G. Baxter1,6 & Margaret A. Jordan1,6*

iNKT cells play a critical role in controlling the strength and character of adaptive and innate immune 
responses. Their unique functional characteristics are induced by a transcriptional program initiated by 
positive selection mediated by CD1d expressed by CD4+CD8+ (double positive, DP) thymocytes. Here, 
using a novel Vα14 TCR transgenic strain bearing greatly expanded numbers of CD24hiCD44loNKT 
cells, we examined transcriptional events in four immature thymic iNKT cell subsets. A transcriptional 
regulatory network approach identified transcriptional changes in proximal components of the 
TCR signalling cascade in DP NKT cells. Subsequently, positive and negative selection, and lineage 
commitment, occurred at the transition from DP NKT to CD4 NKT. Thus, this study introduces 
previously unrecognised steps in early NKT cell development, and separates the events associated 
with modulation of the T cell signalling cascade prior to changes associated with positive selection and 
lineage commitment.

The innate-like population of T cells, iNKT, rapidly respond to both cytokine and TCR stimulation by the 
production of pro-inflammatory and immunoregulatory cytokines. Their scarcity in many species belies their 
significance, as when dysfunctional or deficient, they can influence autoimmune, allergic and malignancy out-
comes [reviewed in1]. In the periphery of mice, they express a ‘memory’ or ‘activated’ like surface phenotype 
(CD62L−CD69+CD44hi) and the great majority are either CD4+CD8− (single positive; SP) or CD4−CD8− (double 
negative; DN)2,3. They are functionally heterogeneous, and so far, iNKT1, iNKT2, iNKT17, iNKTreg, iNKTFH, and 
iNKT10 subsets have been described, classified according to transcription factor (TF) and cytokine expression 
profile4–7, with iNKT1, iNKT2 and iNKT17, mirroring the respective Th cell subsets in cytokine production, while 
others are specialised in T follicular helper-like function (iNKTFH), have IL-10-dependent regulatory functions 
(iNKT10) or regulatory functions resembling Tregs (iNKTreg). In vivo iNKT responses are likely dependent 
on the subsets and locations of iNKT cells activated. The lineage commitment and subsequent development of 
these cells have been subjects of considerable interest. iNKT cells are not found in the peripheral tissues of mice 
until 1–2 weeks after birth and their development is thymus dependent. Consistent with this, iNKT cells develop 
in fetal thymic organ culture8,9, and neonatal thymectomy on the third day of life selectively depletes them10.

While conventional αβT cells express a diverse repertoire of TCR sequences that are generated by ran-
dom rearrangement11–13 and are positively selected by thymic epithelium expressing MHC Class I and Class 
II products14, Type 1 NKT cells express a highly restricted (semi-invariant) TCR (Vα14 Jα18 in mice, and the 
homologous Vα24 Jα18 chain in humans, paired with a restricted range of β chains) and the vast majority of 
them are positively selected by ligating β-2 microglobulin/CD1d8,15–19 and SLAM family members20–24 expressed 
on DP cortical thymocytes25–27. A small fraction of the DNNKT cells are believed to branch off earlier and be 
derived from late stage TCRβ+CD4−CD8− double negative thymocytes28.
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In iNKT cell development, much attention has been paid to the acquisition of the NK1.1 marker, primarily 
because prior to the development of CD1d tetramers (CD1d-tet)2,3, expression of NK1.1 on CD3+ cells was used 
as a surrogate marker of iNKT cells. Although mouse thymi contain CD44hiNK1.1+CD1d-tet+ NKT cells, many of 
these appear to be non-dividing and long-lived9,29,30. In contrast, recent thymic emigrant iNKT cells are enriched 
for CD44hiNK1.1− and acquire NK1.1 expression after thymic egress30,31.

In an attempt to identify the earliest CD1d-tet+ thymic iNKT cells, Gapin et al.29 stained C57BL/6 mouse 
thymi with CD1d-tet-phycoerythrin (PE), and enriched positive cells with anti-PE magnetic beads. Of the 
NKT cells obtained from thymi of nine-day old mice, 25% were “DPdull”, a population whose frequency declined 
with age, was not seen in the periphery at any age, and was absent in CD1d−/− mice. This population probably 
represented early post-selection iNKT cells29, because, in conventional T cell development, TCR ligation of DPhi 
thymocytes triggers CD4 or CD8 down-regulation32,33. In contrast, equivalent proportions of DPhi thymocytes 
were identified in wild type (WT) and Cd1d−/− mice, by quantitative polymerase chain reaction (PCR) analysis of 
Vα14-Jα18 encoded transcripts of sorted cells, consistent with the DPhi phenotype marking pre-selection iNKT 
cells29. Further evidence of the DPhi to DPdull transition representing positive selection was obtained by CDR3 
spectratyping; in WT mice, only a single peak could be detected in the DPdull population, which corresponded 
to the canonical Vα14-Jα18 rearrangement. This contrasted with the multiple rearrangements detected in DPhi 
thymocytes29.

Benlagha34 applied a similar tetramer-based enrichment strategy to identify DP CD24hi NK1.1− NKT cell 
precursors in the thymi of new-born mice. These cells were non-dividing and already exhibited the same Vβ8 
TCR bias characteristic of mature NKT cells. They therefore are likely to be post-selection, making them the 
earliest population of post selection iNKT cells identified to date. In contrast, the subsequent population of 
CD24loNK1.1− CD1d-tet+ iNKT cells contained two subsets (CD44lo and CD44hi), both of which were rapidly 
proliferating30. On the basis of the changing proportions with aging from two- to- six weeks, Benlagha et al.30 
proposed that the CD44lo population precedes the CD44hi population in maturation. The postulated develop-
mental pathway of iNKT cells in mice is therefore:

DPhiCD24hiCD44loNK1.1− → selection → DPloCD24hiCD44loNK1.1− → CD4+CD24hiCD44loNK1.1− (these 
earliest detectable populations of CD24hiCD44loNK1.1− cells are referred to as Stage 0) → DN or CD4+ 
CD24loCD44loNK1.1− (Stage 1) → DN or CD4+CD24loCD44hiNK1.1− (Stage 2) → DN or CD4+ CD24loCD44hiNK1.1+ 
(Stage 3).

Given the rarity of DPlo CD24hi cells, Benlagha et al.34 suggested it is not surprising that, for technical rea-
sons, the presence of DPhi precursors could not be detected, and that their rarity supports the hypothesis that 
Vα14-Jα18 rearrangements occur stochastically and at low frequency.

An understanding of the mechanisms of iNKT cell subset differentiation is likely a prerequisite of the manipu-
lation of the iNKT cell response for therapeutic purposes. To date, attempts to characterise these have mainly 
queried common factors or reaffirmed the roles of specific factors that were referred from conventional T cell 
development, or identified in relatively mature iNKT cells. This is primarily due to the scarcity of very immature 
iNKT cells, making the analysis of the early stages in the transcriptional programs controlling iNKT cell devel-
opment very challenging. We have attempted to address this problem by the production of a transgenic mouse 
model with increased numbers of immature iNKT cells generated on NOD background. While NOD mice are 
characterised by reduced numbers, and relative immaturity, of iNKT cells35,36, and these features contribute to 
their susceptibility to type 1 diabetes37–39, activation of Vα14+ NKT cells by α-Galactosylceramide (αGalCer)40 
or increasing iNKT cell numbers by the transgenic introduction of the rearranged Vα14-Ja18 TCR gene segment 
increased iNKT cell numbers and prevented disease41.

In the work described in this manuscript, Vα14Jα18 transgenic NOD mice were created by directly injecting 
NOD/Lt embryonic pronuclei with a transgenic construct containing an NKT-associated Vα14-Jα18 TCRα chain 
cDNA under the regulatory control of a minimal CD4 promoter, enhancer and intronic silencer22. Throughout 
the remainder of this paper, the strain designation “NOD” refers to NOD.Nkrp1bb mice and “NOD.Va14tg” refers 
to NOD.Nkrp1bb.Va14tg mice. NOD.Va14tg mice were found to have greatly increased numbers of iNKT cells 
with the characteristics of pre-selection and Stage 0 iNKT cells. This model therefore provided an opportunity 
to dissect the transcriptional programs involved in iNKT cell positive selection and lineage commitment, prior 
to Stage 1, in this stain, and has, in conjunction with other approaches, helped to shed light on the early events 
in iNKT cell development.

Materials and methods
Mice.  NOD.Nkrp1bb, C57BL/6 J, congenic, transgenic and mutant mice were maintained at the Immunoge-
netics Research Facility at the James Cook University under SPF conditions. Mice of both sexes were analysed 
at six-to-eight weeks of age unless otherwise noted. Experimental mice were age and sex–matched with controls 
and experiments were repeated  2–3 times.

The NOD.Nkrp1bb strain carries B6-derived alleles at the Natural Killer Complex on chromosome 6 (from 
D6mit105 to D6mit135), permitting the use of the NK1.1 marker of NK and NKT cell maturation36,42.

CD1d-deficient NOD mouse lines were created by crossing NOD.Nkrp1b or NOD Vα14-Jα18 transgenic mice 
to the NOD.129S6-Cd1d1tm1Luc line43, which was a kind gift of Prof Luc Van Kaer, Vanderbilt University School 
of Medicine. F1 stock were then intercrossed, the progeny genotyped and homozygous founders selected for 
the propagation of the new lines.

NOD Vα14-Jα18 transgenic mice were generated using the previously published construct kindly provided by 
Prof Albert Bendelac, University of Chicago22. Briefly, the prerearranged Vα14-Jα18 TCRα chain complementary 
DNA (cDNA) of the DN32.D3 hybridoma44 was inserted into the SalI site of a plasmid containing the minimal 
CD4 promoter and enhancer and the intronic silencer45 (Fig. 1A). The linearized (via NotI) construct was 
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Figure 1.   Production and characterisation of NOD.Va14tg mice. (A) A diagram of the transgenic construct, 
which consists of a CD4 minigene, including a minimal CD4 promoter/enhancer and the CD4 intronic silencer 
5’ of Vα14-Jα18 TCRα chain cDNA and a poly-A tail17. (B) Pups were genotyped by using construct-specific 
primers. mwm = molecular weight marker; ntc = no template control. Results are shown for nine individual 
transgenic mice from NOD.Va14tg Line 1. (C) Thymic, hepatic and splenic NKT cell phenotyping of NOD.Va14tg 
Lines 1–4 transgenic mice compared to WT NOD mice (n = 10: Data means (± SEM) from 5 males and 5 
females for each group. Data are combined from two independent experiments and NKT gating is indicted at 
the top for WT NOD mice).
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purified by agarose gel electrophoresis, agarase treated, re-purified and injected directly into NOD/Lt embryonic 
pronuclei at the Walter and Eliza Hall Institute microinjection unit (Melbourne, Australia). The manipulated 
embryos were placed in the reproductive tracts of pseudopregnant NOD/Lt recipient female mice. Transgenic 
mice were screened with polymerase chain reaction (PCR) (forward primer: 5′-TGT​AGG​CTC​AGA​TTC​CCA​
ACC-3′; reverse primer: 5′-GAG​GAT​GGA​GCT​TGG​GAG​TCAGG-3′) and crossed onto the NOD.Nkrp1bb line 
to permit the use of the NK1.1 developmental marker.

These studies have been reviewed and approved by the James Cook University Animal Ethics Committee. The 
study was carried out in compliance with the ARRIVE guidelines (https://​arriv​eguid​elines.​org) and all methods 
were performed in accordance with the relevant guidelines and regulations.

Cell suspensions.  As previously described24, thymocyte and splenocyte cell suspensions were prepared by 
gently grinding the organ between frosted microscope slides in FACS buffer (PBS containing 2  mM EDTA 
(Amresco, Solon, Ohio, USA), 10% (v/v) Bovine Serum (Invitrogen, Melbourne, Australia) and 0.02% (w/v) 
Sodium Azide). Spleen cell suspensions were treated with Red Blood Cell Lysing Buffer (Sigma Aldrich, Castle 
Hill, NSW, Australia). Viability was generally > 95%.

Livers were harvested after being perfused with 5–10 ml PBS then minced through a 180 um wire stainless 
steel mesh. The dissociated material was centrifuged at 500 X g for 5 min at 4 °C. Parenchymal cells were removed 
over a 33.75% Percoll (GE Healthcare, NSW, Australia) gradient. Liver lymphocytes were collected after lysing 
red blood cells.

Flow cytometry.  For flow cytometric analyses, cells were labelled with anti-TCRβ-APC or PerCP Cy5.5 
(clone H57-597), anti-CD4-FITC or V500 (clone RM4-5), anti-NK1.1-PE-Cy7 or PerCP Cy5.5 (clone PK136), 
anti-CD8-FITC or APC-Cy7 (clone 53–6.7), anti-CD44-V450 or FITC (clone IM7) and anti-CD24-FITC (clone 
M1/69) (from BD Pharmigen, San Diego, CA, USA). Mouse CD1d tetramer, conjugated to PE and loaded with 
α-GalCer, was produced by Mr Marcin Ciula (University of Melbourne) using recombinant baculovirus encod-
ing polyhistidine-tagged mouse CD1d and mouse β2 microglobulin, originally kindly provided by Prof M. Kro-
nenberg’s laboratory (La Jolla Institute for Allergy and Immunology, San Diego, CA)3.

For surface staining, antibodies were diluted in FACS buffer. As described in Jordan et al.24, cells were pre-
incubated with unconjugated anti-CD16/32 (clone 93, eBiosciences, San Diego, CA, USA) before addition of 
surface staining antibody cocktails. Data were acquired on a BD LSRII Fortessa (BD Bioscience, San Jose, Cali-
fornia, USA) flow cytometer and analysed using FlowJo software (Tree Star, Inc., Ashland, OR, USA).

Cell sorting.  Single cell suspensions were stained on ice for 25  min with specific antibodies (anti-TCRβ 
(H57-597), CD1d-tetramer, anti-CD4 (RM4-5), anti-CD8 (53–6.7), anti-CD24 (M1/69) and anti-NK1.1 (PK 
136). Cells were sorted on a BD FACSAria II. Cell doublets were excluded by 3 comparisons (forward scatter-
area to forward scatter-height, forward scatter-height to forward scatter-width and side scatter-height to side 
scatter-width). Dead cells were excluded from analysis by propidium iodide staining. All samples were analysed 
after sorting to confirm viability and cell purities were over 97%.

In vivo treatment with α‑GalCer.  Alpha-GalCer was prepared for injection by sonication in PBS with 
0.5% Tween-20 for 2 h at 37 °C. Six-week old mice were injected either intravenously (4 μg in 200 μl) or intra-
thymically (2 μg in 10 μl) with α-GalCer or control vehicle. Mice were either bled four hours later for cytokine 
analyses or culled 40 h after injection for flow cytometric analyses.

Microarray analyses.  Sorted immature thymic T and iNKT cell subsets (7 samples/group) were individu-
ally homogenized in the RLT buffer of an RNeasy kit (QIAGEN, Venlo, Limburg, Netherlands); homogenates 
were passed through QIAshedder columns (QIAGEN, Limburg, Netherlands) and extracted (RNeasy; QIAGEN, 
Limburg, Netherlands), and quantified as previously reported by us23.

Expression microarray hybridizations were performed using the WT Expression kit (Life Technologies, CA, 
USA), WT Terminal Labelling and Controls Kit (Affymetrix, CA, USA) and Affymetrix Mouse Gene_1.0ST 
arrays, which contain 770,317 probe sets representing an estimated 35,556 mouse transcripts. The probed arrays 
were washed and stained using the GeneChip Hybridization Wash and Stain Kit (Affymetrix, CA, USA) and 
scanned using the GeneChip Scanner 3000. Images (.dat files) were processed using GeneChip Command Con-
sole (Affymetrix, CA, USA) and CEL files imported into Partek Genomics Suite 6.6 (Partek SG, Singapore) for 
further analysis.

Gene co‑expression network.  A gene co-expression network was generated using the Affymetrix Mouse 
Gene_1.0ST array analyses of thymocyte subsets – a total of 28 microarrays. The Affymetrix CEL files were 
normalised using RMA background subtraction in Bioconductor and batch effects were removed using the non-
parametric CombatR algorithm46. Variability of transcripts across all arrays was ranked by standard deviation47 
and the 1,929 most variable were used for network construction. Application of the WGCNA algorithm in R48 
generated a weighted gene co-expression network of 1,929 nodes (transcripts) and 10,626 edges (representing 
significant correlations at a p < 0.02) assigned to 12 significantly co-expressed modules.

Gene ontology analysis.  Gene lists were generally split into those upregulated and those downregulated 
before being submitted to The Database for Annotation, Visualization and Integrated Discovery (DAVID) Bio-
informatics Resources v6.749 for gene ontology analysis of functional annotation clustering against Clusters of 
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Orthologous Groups (COG) Analysis Ontology, Sp Pir Keywords (SP-PIR), Gene Ontology Biological Process 
(GO-BP), Molecular Function (GO-MF), Cellular Compartment (GO-CC), UniProt Sequence annotation (UP_
SEQ_FEATURE), Online Mendelian Inheritance in Man (OMIM_DISEASE), Biological Biochemical Image 
Database(BBID), and BioCarta Pathways (BIOCARTA).

In vivo BrdU incorporation assays.  NOD.Va14tg mice received 3 intraperitoneal (i.p.) injections of 1 mg 
(in 100ul PBS) BrdU (Sigma-Aldrich; B5002) at 12-h intervals for a total of 3 mg/mouse at the indicated time 
point before harvest. The mice were culled and thymocytes were isolated. One million cells from each sample 
were pre-incubated for 15 min with unconjugated anti-CD16/32, provided with FITC BrdU flow kit (BD Biosci-
ence, Pharmingen, San Diego, CA, USA) to prevent Fc Receptor binding of labelled antibodies. The cells were 
then surface stained with antibodies in a U bottom well plate, fixed, permeabilised and intracellular-stained with 
anti-BrdU FITC following the manufacturer’s protocol. Half a million cells were acquired on a BD Fortessa flow 
cytometer at a flow rate < 400 events per second.

First‑strand cDNA synthesis.  First-strand cDNA was synthesized from 36 to 500  ng of RNA using 
oligo(dT) primers and Tetro cDNA synthesis kit (Bioline) following manufacturer’s instructions.

Real‑time quantitative PCR.  Real-time quantitative PCR (qPCR) was conducted to verify microarray 
data on independent samples of FACS sorted immature thymic T and iNKT cell subset RNA from NOD.Vα14tg 
and WT mice. All PCRs were carried out on the Rotorgene 6000 (Corbett, Sydney, Australia) and PCR mixes 
set up using a CAS1200 liquid handling platform (Corbett Robotics, Brisbane, Australia) as done previously23. 
Each 15 µl reaction contained 7.5 µl 2 × SensiFAST SYBR No-ROX mix, 0.6 μL of each primer (2.5 or 10 μM), 
and 1-6 µl cDNA. PCR conditions included denaturation 50 °C, 2 min, 95 °C, 2 min, then 40 cycles (95 °C, 30 s; 
50–56 °C (primer dependent annealing) 30 s; 72 °C, 30 s; 78 °C, 30 s). Fluorescent data were acquired for FAM/
SYBR at the 72 °C extension step. A melt curve analysis was conducted by incrementing 1 °C/step from 55 °C 
until 99 °C. Expression of the gene-of-interest was normalised against Gapdh, as microarray expression analyses 
had shown that this gene was not differentially expressed between NOD.Vα14tg and WT mice. The primers used 
for quantitation were:

E2f1F: 5’- GAG​GCT​GGA​TCT​GGA​GAC​TG-3’.
E2f1R: 5’- GAA​GCG​TTT​GGT​GGT​CAG​AT-3’.
Cdc6F: 5’- GAT​CCT​GGT​TTG​CTC​TTT​GC-3’.
Cdc6R: 5’- GAG​GCG​GCT​CTC​CTT​ATT​TT-3’.
Ccne1F: 5’- TGT​TAC​AGA​TGG​CGC​TTG​CT-3’.
Ccne1R: 5’- GCC​AGG​ACA​CAA​TGG​TCA​GA-3’.
CenpmF: 5’- CGA​GCT​GAG​GGT​CCA​CTT​G-3’.
CenpmR: 5’- CAA​ACA​CAA​TCA​GGT​CAA​TTCG-3’.
Rpa2F: 5’-AGT​CCG​AGC​CCA​GCA​TAT​TG-3’.
Rpa2R: 5’-GTT​GGT​TGG​AGC​CTT​CTC​CG-3’.
Tcrav7d-3F: 5’-GTG​GTC​CTG​TGG​CTC​CAG​TTA-3’.
Tcrav7d-3R: 5’-CTC​TGG​GAC​AAT​GAG​GGA​TTCTG-3’.
GapdhF : 5’-TGC​CGC​CTG​GAG​AAA​CCT​GCC​AAG​TATG-3’.
GapdhR: 5’-TGG​AAG​AGT​GGG​AGT​TGC​TGT​TGA​AGT-3’.
Analyses of unknown samples were carried out by comparison to a standard curve for both the gene of inter-

est and the housekeeper. Template standards were prepared by PCR amplification of cDNA from NOD.Nkrp1b 
mouse thymi using primers flanking those used for quantitation:

E2f1F: 5’-CGA​TTC​TGA​CGT​GCT​GCT​CT-3’.
E2f1R: 5’-CAG​TTC​AGG​TCA​ACG​ACA​CC-3’.
Cdc6F: 5’-TTT​CGG​AAG​TTG​ATG​GGA​AC-3’.
Cdc6R: 5’-ATG​AAG​ATT​CTG​GGG​GCT​CT-3’.
Ccne1F: 5’-CCT​CCA​AAG​TTG​CAC​CAG​TT-3’.
Ccne1R: 5’-GTG​TGG​GTC​TGG​ATG​TTG​TG-3’.
CenpmF: 5’- CGA​TGC​TCA​AAG​ATG​ACT​GTG-3’.
CenpmR: 5’-CCT​GTG​ACA​AGG​AAG​CAC​AC-3’.
Rpa2F: 5’- GAG​AAC​TGC​GAC​CAG​GAT​GT-3’.
Rpa2R: 5’-GCG​GAG​CTG​TCA​TAT​CGT​CT-3’.
Tcrav7d-3F: 5’-TGA​GTG​TTT​CCC​TAG​TGG​TCCT-3’.
Tcrav7d-3R: 5’-TGC​TGT​CTG​TAC​CAT​GCA​AAA-3’.
GapdhF: 5’- ACC​ACA​GTC​CAT​GCC​ATC​ACT -3’.
GapdhR: 5’- TCC​ACC​ACC​CTG​TTG​CTG​TA -3’.
Titrated template standards were processed in parallel with unknown controls.

Statistical analyses.  Qualitative data were compared by Fisher’s Exact Test or contingency table (Chi 
squared) analysis and quantitative data by Mann Whitney U Test as calculated by GraphPad Prism 6 (La Jolla, 
CA, USA).

The statistical significance threshold of the microarray study comparing FACS sorted thymic cells from indi-
vidual NOD.Va14tg mice was set at a Mann–Whitney U statistic of 0 (i.e. p < 0.001, n = 7; equating to no overlap 
between groups). We have previously published empiric validations of microarray expression analyses of similar 
design by using congenic intervals to differentiate “on target” from “off target” differential expression23,50.
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Results
Production and characterisation of NOD.Va14tg mice.  Vα14-Jα18 transgenic mice have been previ-
ously developed to aid functional and developmental studies of Type I NKT cells22,44. Here, we expressed a vali-
dated transgenic construct containing an NKT-associated Vα14-Jα18 TCRα chain cDNA (Fig. 1A) on the NOD 
mouse genetic background, which confers a partial defect in iNKT cell selection and development5,22,35. Purified 
DNA was directly injected into NOD/Lt embryonic pronuclei at the Transgenic Production Facility of the Wal-
ter and Eliza Hall Institute, tail tips were genotyped by a PCR spanning from CD4 to TCR sequence to identify 
transgene incorporation and germ-line transmission (Fig.  1B), and four independent lines were established. 
Thymic, hepatic and splenic iNKT cell numbers and subsets were assessed by flow cytometric analysis of CD1d-
tet+TCRβ+ lymphocytes. Transgenic lines 1 and 3 had ~ 60–90-fold increases in thymic iNKT cell numbers while 
lines 2 and 4 had ~ threefold increases; numbers of hepatic iNKT cells were raised ~ fourfold in lines 1 and 3 and 
by 25–50% in lines 2 and 4; lines 1 and 3 resulted in ~ sevenfold increases in splenic iNKT cell numbers, while 
lines 2 and 4 had similar numbers to the non-transgenic parental strain (Fig. 1C).
iNKT cell developmental subsets in NOD.Va14tg mice.  Both the CD4 SP and DN populations of 
mature iNKT cells could be identified in the thymi (Fig. 2), livers and spleens (Fig. 3) of WT and NOD.Va14tg 
mice.

One of the most striking characteristics of the thymic iNKT cell population in NOD.Va14tg mice was the 
presence of increased numbers of DP NKT cells. Their presence in the thymi of previously produced Vα14Tg 
mice, on either B644 or NOD backgrounds41, had not been detected. This may be a consequence of the transgenic 
system used, a TCRα shuttle vector containing the Vα11 endogenous promoter and the Ig enhancer, or it may be 
possible that the relatively immature NKT cells were inadvertently missed from their analyses due to the detection 
markers, α/βTCR​+ and NK1.1+ , employed, or alternatively, that they were indeed not increased. Here, the very 
immature thymic DP NKT cells expressing a CD24high CD44low and NK1.1− phenotype, were identified using 
TCRβ and CD1d-tetramer, along with stage-specific markers. This therefore, represents the first mouse model 
to produce large numbers of immature DP NKT cells. This population constituted between 35 and 65% of all 
thymic CD1d-tet+TCRβ+ NKT cells in the various lines of NOD.Va14tg mice, but < 5% of thymic iNKT cells in 
WT NOD mice. The DP NKT cells were predominantly CD24hiCD44loNK1.1−, consistent with the phenotype of 
the earliest identifiable iNKT cells. Another population of iNKT cells also lay within the CD8 quadrant gate of 
our analysis of NOD.Va14tg mice; comparison with Fig. 2A of Gapin et al.29 suggested that these correlate with 
the DPdull population previously identified as immediately post-selection iNKT cells. Consistent with this, these 
cells also expressed a relatively immature phenotype: CD24hiCD44loNK1.1−.

In contrast to thymic NKT cells, virtually all (> 99%) iNKT cells in the livers and spleens of NOD.Va14tg 
mice were either CD4+ or DN. In both peripheral organs of NOD.Va14tg mice, the proportions of the two major 
iNKT cell subsets that express the relatively mature CD24loCD44hi phenotype were similar to WT, as were the 
proportions of CD44hi iNKT cells of either subset that expressed NK1.1 (Fig. 3A). These peripheral iNKT cells 
were functional and responded to in vivo stimulation with α-GalCer by robust cytokine production (Fig. 3B). 
These results suggest that although expression of the Va14 transgene on this genetic background has resulted 
in increased numbers of mature peripheral NKT cells, the majority of immature iNKT cells fail to mature and 
leave the thymus.

Transcriptional analysis of immature iNKT cells in NOD.Va14tg mice.  The presence of large num-
bers of DPhiCD24hiCD44loNK1.1−, CD1d-tet+TCRβ+ cells in the thymus and their absence in the periphery, sug-
gested that these cells represent a very immature—possibly preselection—population of iNKT cells. This gave 
us the opportunity to compare the transcriptional profiles of DP CD24hiCD44loNK1.1−CD1d-tet+TCRβ+ cells 
(i.e. very immature iNKT cells) with those of somewhat more mature iNKT cell subsets in order to identify the 
transcriptional transitions associated with positive selection and lineage commitment in NKT cells.

Thymocytes from transgenic Line 1 mice (NOD.Va14tg/1) were subjected to FACS sort-
ing to isolate four subsets; One DP-CD1d tet− population and three CD24hi CD1d tet+ (imma-
ture) subsets: DPhiCD24hiNK1.1−CD1d-tet−TCRβ+ cells (immature DP conventional T cells), DP 
CD24hiCD44loNK1.1−CD1d-tet+TCRβ+ cells (DP NKT cells), CD4+CD8−CD24hi NK1.1−CD1d-tet+TCRβ+ 
cells (CD4 NKT cells) and CD4−CD8−CD24hiNK1.1−CD1d-tet+TCRβ+ cells (DN NKT cells). RNA was isolated 
for microarray analysis with Affymetrix Mouse Gene_1.0 ST arrays (n = 7/grp; Fig. 4A). In our experience of 
microarray expression analyses of mouse thymocytes, the use of seven replicates and a significance threshold 
of a Mann–Whitney U (MWU) statistic of zero (i.e. no overlap between groups) provides robust and reliable 
identification of differentially expressed transcripts23,24,50.

CEL files from all 28 samples were imported into Partek Genomics Suite 6.6 (Partek SG, Singapore) where 
a Principal Component (PC) analysis plot was generated based on the non-normalised data (as present in the 
Gene counts data mode). Here, samples are represented as dots and distance between each other reflects similar 
expression patterns of a large number of genes, while those with large gene numbers with different expression 
patterns are further apart. Our analysis indicated that the three largest PCs explained > 58% of variation across 
all our samples, and that they grouped into 4 groups. When coloured using the first categorical variable, the Cell 
subtype, our samples from each of the four cell types were shown to cluster together into their individual groups, 
and the groups were distributed evenly across PC1 (X axis, which explained > 29% of variation) in the order DP 
T cells → DP NKT cells → CD4 NKT cells → DN NKT cells (Fig. 4B). The transcriptional progression of these 
immature iNKT cell subsets therefore mirrors the postulated developmental progression previously described51,52. 
Of particular interest is the possibility that our analysis of DP NKT cells might identify the transcriptional events 
associated with Control Point 1 of iNKT cell development, which may be associated with positive selection51.
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Figure 2.   Flow cytometric comparison of thymic NKT cell subsets in WT and NOD.Va14tg mice. 
Representative plots are presented of ten female mice/group (A) and the relative proportions of the major 
developmental subsets in each transgenic line compared with those in WT mice presented by bar graph (B).
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Figure 3.   Comparison of hepatic and splenic NKT cell subsets and cytokine production in WT and NOD.Va14tg mice. A) 
Representative FACS plots (left panel) show the mean frequencies (± SEM) of NKT cell subsets in total hepatic (Top panels) or 
splenic (Bottom panels) NKT cells of NOD WT and NOD.Va14tg mice. (A) CD4/CD8 NKT cell subsets. (B) CD24/CD44 NKT cell 
subsets. (C) CD44/NK1.1 NKT cell subsets. (D) CD4/NK1.1 NKT cell subsets. Histograms (right panel) show the mean frequencies 
and absolute numbers of hepatic or splenic NKT cell subsets between NOD WT (clear bars) and the four NOD.Va14tg mouse lines 
(filled bars). (n = 10 female mice/group. Data are combined from two independent experiments). (B) The effect of i.v. α-GalCer 
administration on cytokine production in NOD.Va14tg mice shows that Vα14 transgenic expression increased cytokine production. 
Histograms show the mean concentration (± SEM) of IL-4, IFN-γ, IL-6, IL-2, GM-CSF, TNF and IL-1 in serum of NOD WT mice 
(clear bars) and NOD.Va14Tg/1 mice (filled bars), 4 h after challenge with α-GalCer (n = 6–10 mice/group).
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Figure 4.   Microarray transcriptional comparison of FACS sorted cells. Microarray transcriptional comparison 
of FACS sorted thymic DPhi CD24hi NK1.1− CD1d-tet−TCRβ+ (Population (P) 1 (P1)) cells, DPhi CD24hi CD44lo 
NK1.1− CD1d-tet+TCRβ+ (P2) cells, CD4+CD8−CD24hi NK1.1−CD1d-tet+TCRβ+ (P3) cells and CD4−CD8− 
CD24− NK1.1+CD1d-tet+TCRβ+ (P4) cells from individual NOD.Va14tg /1 mice (n = 7). (A) Gating strategy for 
sorting of populations. (B) Principal component (PC) analysis of transcript expression. The three largest PC 
explain > 58% of variation; samples from each of the four cell types cluster together into groups, and the groups 
are distributed separately across PC1 (X axis), which explains > 29% of variation. A graphic illustrating the 
proposed NKT cell maturation pathway is provided for comparison. (C) Undirected, weighted transcriptional 
regulatory network generated from thymic NKT cell subsets P1–P4 (n = 7/population), consisting of 1,929 
transcripts (nodes) and 10,626 pair-wise correlations (edges) across twelve co-regulated clusters (modules), 
named: Black (587 nodes), Cyan (71), GreenYellow (177), Grey (32), LightCyan (42), LightGreen (26), Magenta 
(127), MidnightBlue (68), Pink (525), Purple (188), Salmon (37) and Tan (49). (D) Heat map encoding of 
student’s t-test p values generated by pair-wise comparisons of transcript abundance across Transition 1 (P1 to 
P2) mapped onto the transcriptional regulatory network illustrated in panel C. (The WGCN depicted in (C,D) 
were visualised using a heat map in Cytoscape 3.8.0; https://​github.​com/​cytos​cape/).

https://github.com/cytoscape/
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Weighted gene co‑expression network.  A transcriptional regulatory network was constructed using 
the Weighted Gene Correlation Network Analysis (WGCNA) algorithm in R48, representing the expression data 
from 35,557 transcripts from each of the 28 samples (7 replicates × 4 populations; GSE106720). The resulting 
network contained 1,929 nodes (transcripts) in twelve modules (co-expressed transcript clusters) with 10,626 
edges (pair-wise significant correlations; Fig. 4C). The network was then analysed as three progressive transi-
tions: Transition 1) DP T cells → DP NKT cells; Transition 2) DP NKT cells → CD4 NKT cells; Transition 3) 
CD4 NKT cells → DN NKT cells. For each transition, uncorrected Student’s t-Test p values of pair-wise compari-
sons of each transcript (GSE106720) were mapped onto the nodes within the network and visualised using a heat 
map in Cytoscape 353 (Fig. 4D). Highly differentially expressed (HDE) transcripts were defined as significant 
after Bonferroni p value correction (p < 1.5 × 10–6).

Transition 1: Modulation of TCR signaling.  Across transition one, 311 transcripts were identified in 
the network as being HDE. Of these, 116 were in the module named “Pink” (of 525 nodes) and 48 were in the 
Purple module (of 188 nodes; p < 0.0001 χ2 contingency; Fig. 4D). Gene Ontology Analysis was performed on 
the transcripts within the Pink module in The Database for Annotation, Visualization and Integrated Discovery 
(DAVID) Bioinformatics Resources v6.749. The top ranked Category (SP_PIR_KEYWORDS) obtained for the 
transcripts in the Pink module was oxidative phosphorylation with a Bonferroni-corrected p value < 4.1 × 10–6. 
Within this category were genes encoding several components of the mitochondrial electron transport chain, 
NADH Dehydrogenase (Nd1, Nd2, Nd4l, Nd5), Cytochrome C Oxidase (Cox1, Cox2, Cox3) and ATP Synthase 
6 (Atp6), all of which were downregulated across Transition 1. This finding is consistent with the intracellular 
metabolic diversion of small carbon chains away from oxidative phosphorylation to fatty acid synthesis, as pro-
posed by Warburg to be indicative of increased cell proliferation54.

Evidence of increased proliferation across Transition 1 was therefore sought by in vivo Bromodeoxyuridine 
(BrdU) uptake. NOD.Va14tg mice received three intraperitoneal (i.p.) injections of 1 mg BrdU at 12-h intervals, 
the mice were culled and thymocytes were examined by flow cytometry (Fig. 5A). Transition 1 was associated 
with a 55% increase in cells taking up BrdU in the 36-h labelling period (p < 0.0002; Mann Whitney U Test; 
n = 8), confirming increased proliferation.

Transcriptional evidence was sought to support the hypothesis that the increase in proliferation across Transi-
tion 1 was due to TCR signalling. The expression levels of all 35,556 transcripts across Transition 1 were com-
pared pairwise by Mann–Whitney U (MWU) Test, and those with a U statistic of zero (i.e. no overlap between 
groups) shortlisted for ranking by t-Test (i.e. transcripts for which the means of the groups were separated by 
largest multiples of SEM were prioritised). Across this transition, 5,565 transcripts generated a Mann–Whitney 
U score of zero, and of these, 1,195 were HDE (p < 1.4 × 10–6, by t-Test). This gene list was split into transcripts 
upregulated (624 transcripts), and those downregulated (570), before being submitted to DAVID for functional 
annotation clustering.

The top downregulated annotation cluster (Enrichment Score 7.3) contained the annotation categories Lym-
phocyte Activation (GO:0046649), Leukocyte Differentiation (GO:0002521) and T Cell Activation with Bonfer-
roni corrected p values between 10–6 and 10–4. Remarkably, genes encoding almost all the proximal components 
of the TCR signalling cascade were significantly down regulated (U stat = 0): Lck (p < 6.6 × 10–8; student’s t-test), 
Fyn (1.4 × 10–7), Zap70 (5.4 × 10–5), Vav1 (1.3 × 10–6) and Plcg1 (1.2 × 10–10). Although not previously reported, the 
effects of this transition would be akin to other mechanisms of TCR tuning, such as down regulation of the TCR 
and CD4/CD8 co-receptors, regulation of accessory molecules such as CD5, CD2 and CD28, and phosphoryla-
tion of SHP-155, suggesting the possibility that the signalling pathway was modulated or “tuned” subsequent to 
TCR ligation and successful signalling.

If the proliferation observed across Transition 1 was due to successful TCR signalling, then allelic exclusion of 
endogenous alpha chain loci should have occurred. Consistent with this, TCR alpha chains dominated the most 
significantly differentially expressed transcripts, constituting ten of the top 20 most significant. Highly significant 
down-regulated TCR variable-alpha gene segments included: Tcra-V22.1, Trav8d-1, Trav7d-4, Trav12-2, Trav9-4, 
Trav6-5, Trav9n-1, Trav6-3, Trav7d-3, Trav9d-3, Trav13d-1, Trav7d-2, Trav6-7-dv9, Trav7-6, Trav6d-5, Trav9-4, 
Trav13-2, Trav12-2, Trav12n-2, Trav14-1, Trav7-6, Trav5-4, Trav6d-3, Trav1, Trav14n-2, Trav12-2, Trav12-1, 
Trav7d-4, Trav4-4-dv10, Trav9d-3, Trav7n-5, Trav14d-3-dv8, Trav8-1 and Trav12-1 (all U = 0; p < 1.4 × 10–6, t-Test; 
Fig. 5B). The dearth of expression of the great majority of non-NKT cell associated Vα chains is consistent with 
successful signalling of the transgene-encoded TCR initiating the mechanism for allelic exclusion of competing 
TCRs.

The possibility of increased proliferation in DP NKT cells was also supported by the up-regulated expression 
of genes associated with the cell cycle and cell division. A large number of genes encoding proteins involved in 
DNA replication, components of centromeres and the E2F signalling pathway, were significantly up-regulated 
by immature DP NKT cells compared to immature DP T cells. E2f1, which encodes the E2F1 transcription fac-
tor, was highly significantly up-regulated across Transition 1 (p < 9.1 × 10–11, student’s t-test; Fig. 5C). Consistent 
with increased E2f1 expression, E2F1-regulated genes encoding proteins critical for S phase entry56 were also 
up-regulated, such as Cdc6 (p < 1.4 × 10–9, student’s t-test) and Ccne1 (p < 8.7 × 10–8, student’s t-test; Fig. 5C). 
Furthermore, consistent with E2F1 up-regulation driving cell proliferation, genes encoding proteins critical for 
spindle formation and chromosome segregation (such as Cenpm)57 and DNA replication (such as Rpa2)58 were 
also up-regulated (p < 3.7 × 10–11; and p < 4.6 × 10–10 respectively; Fig. 5C).

In summary, the combination of activation, proliferation, TCR tuning and allelic exclusion combine to provide 
compelling evidence that TCR signaling occurred across Transition 1.
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Figure 5.   Generation of undirected, weighted transcriptional regulatory network from thymic NKT cell 
subsets. (A) Representative histograms and dot plot displaying proportion of BrdU positive cells among DP T 
(P1), DP NKT (P2), CD4 NKT (P3) and DN NKT (P4) cells compared to a non-injected control (NC). (B) Heat 
map of endogenous TCR alpha chain loci expression determined by microarray of the four different cell types 
across the three transitions as visualised in Cytoscape 3.8.0 (https://​github.​com/​cytos​cape/). (C) Expression 
profiles of genes associated with the cell cycle and cell division. Gene expression as determined by microarray 
(top row; n = 7/grp) and confirmed by qPCR on an independent cohort (bottom row; n = 7/grp).
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Transition 2: Lineage Commitment.  In Transition 2, from DP NKT cells—> CD4 NKT cells, 6,791 tran-
scripts generated a Mann–Whitney U score of zero. Of these, 2,143 were HDE (student’s t-test p < 1.4 × 10–6), 125 
of which mapped to the Weighted Gene Co-expression Network, with 33 of them in the module named “Pink” 
and 85 in the module named “Purple”.

The full HDE gene list was split into transcripts upregulated (1,216 transcripts), and those downregulated 
(930 transcripts), before submitting it to DAVID for annotation.

The top upregulated annotation cluster (Enrichment Score 9.6) was dominated by integral plasma membrane 
proteins and contained the annotation categories (SP_PIR_KEYWORDS) Membrane (representing 40 of all 
upregulated HDE genes; Bonferroni corrected p < 1.6 × 10–17) and Glycoprotein (corrected p < 1.1 × 10–14). Several 
functional families of integral plasma membrane proteins dominated the gene list, including genes encoding 
Toll-like receptors (TLR1, 3, 6, 12), receptors for cytokines (IL-1, 2, 6, 7, 10, 18, 21, 27; IFN- α, TGF-β and TNFR 
superfamily members 1b, 9, 18 and 26), receptors for chemokines (CCR2, 4, 7, 8, 10; CXCR2 and 6), G protein 
coupled receptors (18, 65, 68, 83, 97, 114, 171, C5B), integrins (alpha 2, 4, E, L, V and FG-GAP repeat containing 
3; beta 2, 3 and 7) and leukocyte differentiation markers (CD2, 5, 7, 37, 38, 40LG, 44, 48, 49, 50, 59A, 79B, 82, 
101, 160, 226, 274: Ly6A, C1, 6G and Ly9). The difference in protein expression levels were confirmed by QPCR 
(Fig. 6A) or flow cytometry (Fig. 6D) for several of the transcripts.

Of the upregulated HDE transcripts, amongst the most strongly differentially expressed (U stat = 0) were genes 
associated with the immunomodulatory and innate-like characteristics of iNKT cells, such as: Tlr1 (p < 1.1 × 10–16, 
t-Test; Fold Change (FC) 15) which encodes Toll-Like Receptor 1 and plays a fundamental role in pathogen 
recognition and activation of innate immunity; Nkg7 (p < 3.8 × 10–15; FC 36) which encodes Natural Killer Cell 
Granule Protein 7, which is associated with the cell mediated cytotoxic synapse; Sema4a (p < 9.6 × 10–10; FC 
10), which encodes Semaphorin 4A, a type I integral membrane protein required for Th1 deviation and T-bet 
expression in T cells; Art2b (p < 1.5 × 10–14; FC 49) which encodes ADP-ribosyltransferase 2b that mediates 
apoptotic deletion of T-cell subsets59, particularly CD4+ NKT cells60; S1pr1 (p < 5 × 10–16; FC 22), which encodes 
Sphingosine-1-Phosphate Receptor 1, which plays an important role in lymphocyte egress from lymphoid tis-
sues; and Zbtb16 (p < 6.5 × 10–14; FC 14), which encodes Promyelocytic Leukaemia Zinc Finger (PLZF), a tran-
scription factor that drives differentiation into iNKT cells and human MR1-specific MAIT cells (Fig. 6A and 
Supplementary Table 1). All of these strongly upregulated transcripts lay within the PURPLE module, and had 
been identified in the network analysis. These data indicate that a wide range of iNKT cell-associated surface 
receptors are upregulated at this transition and confirm the finding by Savage et al.61 and Cohen et al.62 that PLZF 
expression in iNKT cells is upregulated between Stage 0 and Stage 1 in development.

The strong upregulation of such a wide range of functional lymphocyte-associated, surface-expressed, integral 
membrane proteins suggests that Transition 2 is associated with iNKT cell lineage commitment. Particularly 
indicative is the upregulation of Zbtb16, which is responsible for driving the innate-like differentiation of iNKT 
cells63. To test whether the upregulation of Zbtb16 across Transition 2 was sufficient to modulate PLZF target 
gene expression, we examined the transcript levels of the 69 genes identified by Savage et al.61 as being dependent 
on PLZF expression by comparison of genome-wide transcription in PLZF-deficient Luxoid mutant with that in 
WT mice. Consistent with PLZF expression playing a significant role in Transition 2 of iNKT cell development, 
42 of the 69 genes identified by Savage et al. had a U statistic of zero across the transition (p < 0.0001; Chi-square 
contingency table), the vast majority (39/42) of which were upregulated (Fig. 6B). In addition, members of the 
killer-cell lectin-like receptor group-B receptor ligands, variably known as NK1/NK1.1, were upregulated across 
this transition , including Klrb1a (1.8 × 10–13; FC 3.63) and Klrb1c, the major target of anti-NK1.1 monoclonal 
antibody (PK136) binding known to identify NK cells from B6 and SLJ mice (P < 1.81 × 10–6; FC 1.63).

In summary, the coordinated expression of the innate-like lymphocyte-associated transcription factor PLZF 
and the subsequent upregulation of a wide range of cell-surface functional receptors associated with iNKT cell 
immunobiology combine to provide evidence that iNKT cell lineage commitment occurred between Population 
2 and Population 3, across Transition 2, and confirms previous reports by Savage et al.61 and Cohen et al.62 that 
this occurs by stage 1 in development.

Transition 2: Selection.  The association of modulation or tuning of iNKT cell TCR signalling with Transi-
tion 1 and lineage commitment with Transition 2, raised the issue of the timing of iNKT cell selection, which 
presumably could not occur later than Transition 2. Huang et al.64 published a custom microarray analysis of 
transcriptional changes during T cell selection by comparing transcripts between DP thymocytes from MHC-
deficient mice (C57BL/6.B2m−/−.Ab−/−.Enull) with those from positively selecting TCR transgenic mice (5CC7, 
from an Ab-restricted CD4 cell specific for pigeon cytochrome c; and either F5, originated from a Db restricted 
CD8 cell specific for influenza virus nucleoprotein; or P14, from a Db-restricted CD8 cell specific for lympho-
cytic choriomeningitis virus glycoprotein). We identified equivalent Affymetrix transcript cluster IDs for 32 of 
the 44 transcripts reported by Huang et al. as being up-regulated by T cell selection; of these, 8 had a U statistic of 
zero across Transition 1 (NS, Chi-square contingency table), 24 did so across Transition 2 (p < 0.0001, and 12 did 
so across Transition 3 (p < 0.02). At Transition 2, all but three transcripts with a U Statistic of 0 were upregulated; 
in total 26 of the 32 transcripts were upregulated across this transition (Fig. 6C).

These data are consistent with iNKT cell selection continuing across Transition 2. To test this, the effect of 
failed positive selection on iNKT cells in NOD.Va14tg mice was examined in NOD.Va14tg.Cd1d−/− mice lacking 
the CD1d NKT cell selecting ligand in comparison with WT NOD mice and NOD.Va14tg mice. In WT NOD 
mice, targeted deletion of CD1d resulted in the loss of almost all CD1d-tet-staining cells, both in the thymus 
and the periphery (Fig. 7A,C). In contrast, although NOD.Va14tg.Cd1d−/− mice had greatly reduced numbers of 
peripheral iNKT cells (Fig. 7D), the numbers of thymic CD1d-tet-staining cells were more than doubled, with the 
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Figure 6.   Gene expression profiles. (A) Expression profiles of genes related to lineage commitment across Transition 2. Gene 
expression as determined by microarray (top row; n = 7/grp) and confirmation by qPCR on an independent cohort (bottom row; n = 7/
grp). (B,C) Heat maps showing expression profiles of the different cell types across the three transitions for the 69 transcripts, reported 
by Savage et al.46 to be modulated by Promyelocytic Leukaemia Zinc Finger (PLZF) (B) and the 32 transcripts, reported by Huang 
et al.47 to involve in positive selection of conventional T cells (C). Pie charts show proportion of transcripts up- and down-regulated 
across the three transitions (up-regulated and U statistic = 0, up-regulated and U statistic > 0, down-regulated and U statistic = 0, 
and down-regulated and U statistic > 0) (Heat maps, hierarchical clustering and pie charts depicted in B and C were prepared using 
Cytoscape 3.8.0 https://​github.​com/​cytos​cape/)) (D) Expression profiles of leukocyte differentiation markers, Cd5 and Cd53 as 
determined by microarray (top row) and protein levels confirmed by flow cytometry on an independent cohort (bottom row; n = 10 
female mice per group; Mann–Whitney U test, ****p < 0.0001).

https://github.com/cytoscape/


14

Vol:.(1234567890)

Scientific Reports |        (2021) 11:23650  | https://doi.org/10.1038/s41598-021-02885-w

www.nature.com/scientificreports/

0.0

0.1

0.2

0.3

0

10

20

30

40

0.0

0.5

1.0

1.5

2.0

0

1

2

3

4

5

A

B

C

D

***

**

***

**

Figure 7.   Flow cytometric analysis of the effects of targeted deletion of CD1d in WT NOD mice and 
NOD.Va14tg mice. Thymic (A,B) and splenic (C,D) NKT cell numbers and subsets in NOD WT (A, C) and 
NOD.Va14tg /1 (B,D) mice. **P < 0.01; ***P < 0.001; Mann–Whitney U Test; n = 6–10 mice/group.
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proportion of iNKT cells that were DP rising from ~ 60% to over 80% (p < 0.005; Mann–Whitney U Test; n = 6–10; 
Fig. 7B) and the vast majority (> 98%) expressing the Population 2 (DP CD24hi CD44lo NK1.1−) phenotype.

With regard to absolute numbers, NOD.Va14tg mice had 8.30 ± 0.56 × 106 (mean ± SEM) Population 2 iNKT 
cells, while NOD.Va14tg.Cd1d−/− mice had a > twofold increase to 21.44 ± 1.87 × 106 cells (p < 0.005; Mann–Whit-
ney U Test). In contrast, numbers of mature thymic (CD24loCD44hiNK1.1−) NKT cells fell more than 20-fold from 
5.99 ± 0.73 × 105 in NOD.Va14tg mice to 0.29 ± 0.06 × 105 in NOD.Va14tg.Cd1d−/− mice (p < 0.005; Mann–Whitney 
U Test). These changes are consistent with maturational arrest between these two stages in Cd1d−/− mice result-
ing in a backlog of DPhiCD24hiCD44lo pre-selection iNKT cells and a failure of the lineage to develop past the 
maturational step associated with positive selection.

As the CD1d-deficient mouse strain used here43 disrupts only the CD1d1 gene, and, unlike the B6 strain 
who lack CD1D2 protein expression (due to a frame-shift mutation at the beginning of the fourth exon encod-
ing the α3 domain), NOD mice express high levels of CD1D1 and CD1D2 thymic transcripts at a ratio close to 
1:165, it was therefore possible that CD1D2 molecules impacted iNKT cell selection and function in this strain, 
perhaps by presenting a different repertoire of self-antigens than CD1D166. While NKT cells were undetected 
in the thymi of the targeted deletion NOD strain, it was possible that the presence of the transgene may have 
impacted their detection in NOD.Va14tg.Cd1d−/− mice. In order to confirm that the maturational arrest of imma-
ture DP NKT cells in NOD. Va14tg mice was a consequence of the absence of CD1d endogenous ligand, and not 
due to the NOD background strain, NKT cells were also examined in B6. Va14tg.Cd1d−/− mice. Thymic NKT 
cells were more than quadrupled, increasing from 7.8% of total thymocytes of B6.Va14tg mice to almost 21% 
in B6.Va14tg.Cd1d−/− strain, concordant with very few peripheral NKT cells (p < 0.005; Mann–Whitney U Test; 
n = 5–7). In contrast, targeted deletion of CD1d in B6 WT mice, resulted in the loss of almost all NKT cells in 
the thymi, livers and spleens. Similar to that found in NOD.Va14tg.Cd1d−/− mice, the increase in thymic NKT 
cells was largely attributed by the accumulation of immature DP NKT cells, rising from 48% of total thymocytes 
in B6.Va14tg mice to over 85% in B6.Va14tg.Cd1d−/− mice (p < 0.005; Mann–Whitney U Test; n = 5–7). Absolute 
numbers of thymic DP NKT cells increased more than tenfold, from 1.2 × 106 in B6. Va14tg mice to 13.6 × 106 
cells in B6. Va14tg.Cd1d−/− mice, while mature CD24lo CD44hi NKT cells were severely diminished.

This accumulation of immature DP NKT cells may therefore be a consequence of early TCRα expression due 
to the presence of the transgene67 and may be dependent on Vβ usage68. Indeed, it has been previously reported 
that in a few TCRβ rearranging cells, TCRα proteins are expressed so early that they mimic the pre-TCRα chain 
with regard to induction of cell maturation as well as allelic exclusion69. The NOD.Vα14tg/1mice exhibited 
the same characteristic of TCR Vβ usage as NKT cells from WT mice, however, 70–80% of CD44− NKT cells 
and ~ 38% of CD44+ NKT cells in the thymus of NOD. Va14tg mice used TCR Vβ chains other than Vβ8, Vβ7 
or Vβ2, exceeding by far the frequency detected in the thymi of WT NOD mice (~ 0%; data not shown). These 
findings suggest that the choice of TCRβ chain affects the probability that a α-GalCer/mCD1d tetramer-binding 
thymocyte will transition from a CD44− to a CD44+ phenotype. These results reflect the findings of Bedel et al.70 
who constructed an unusual TCR-β chain, that when paired with the canonical Vα14-Jα18 iNKT TCR-α chain, 
showed increased affinity of the αβ TCR for the antigen/CD1d complex, regardless of the antigen involved. iNKT 
cell precursors that expressed the high-affinity TCR for “self ” in these mice did not fully mature, thus providing 
direct in vivo evidence that iNKT cells, like their “conventional” T-cell counterparts, are subject to clonal dele-
tion during development. Unexpectedly, they also found that a small fraction of cells with iNKT cell properties, 
avoided negative selection in these mice, just as in our analyses. Klibi and Benlagha71 also reported that NKT 
cell migration out the thymus can occur in the absence of CD1 expression, but that it, and other key components 
necessary for NKT positive selection, are required for maturation in peripheral organs.

These results are consistent with the previous findings that iNKT cell positive selection and lineage commit-
ment occur at the DP stage29,71–73.

Effect of enhanced negative selection on iNKT cells in NOD.Va14tg mice.  Negative selection in 
the thymus is a process resulting in clonal deletion (apoptosis) of thymocytes with high avidity for the endog-
enous ligands of their TCR. As the T precursor frequency for any given antigen is generally low in WT animals, 
in vivo models of negative selection either involve administration of anti-TCR/CD3 antibodies74, responses to 
endogenous or administered superantigens that ligate whole families of TCR Vβ chains75,76, or TCR transgenic 
mice77. Although α-GalCer is technically not a superantigen, it is a strong NKT cell glycolipid antigen capable 
of activating the vast majority of Vα14-Jα18 expressing NKT cells following its presentation in the context of 
CD1d78, and is capable of causing their negative selection if administered while they transition through a sus-
ceptible developmental window before they exit the thymus79. Pellici et al.79 showed that CD4+CD1d-tet+Nk1.1− 
cells (Population 3 cells in our analysis, which were the first stage of iNKT cells that they could clearly detect) 
were already beyond the “negative-selection” window.

The effects of negative selection on Population 2 (DPhiCD24hiCD44loNK1.1−) NKT cells in the thymi of 
NOD.Va14tg mice was examined by i.v. injection of α-GalCer, and subsequent flow cytometric analysis of num-
bers and subsets of iNKT cells (Fig. 8). Within 40 h of injection, total thymocytes had only slightly decreased 
from 1.55 ± 0.10 × 108 (mean ± SEM) to 1.15 ± 0.11 × 108 cells (p < 0.05; Mann–Whitney U Test; n = 10) while the 
proportion of (CD1d-tet +TCRβ+) NKT cells reduced from 7.75% of total thymocytes in PBS-control mice to 
5.4% in α-GalCer injected mice, halving the numbers of NKT cells from 11.9 ± 0.7 × 106 to 5.4 ± 0.2 × 106 cells 
(p < 0.0001). The majority of the reduction in thymic iNKT cells was contributed by a 60% reduction in numbers 
of the DP subset, which fell from 62.7 ± 0.9% to 48.4 ± 1.4% of iNKT cells (7.5 ± 0.5 × 106 to 3.1 ± 0.4 × 106 cells; 
p < 0.0001; Fig. 8C), consistent with this population being subject to negative selection. Although proportions of 
the DN and CD4+ populations of thymic iNKT cell numbers were significantly increased in α-GalCer treated mice 
(p < 0.0001), they showed modest reductions in terms of absolute numbers (CD4+ NS; DN p < 0.01). In contrast, 
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Figure 8.   Effect of i.v. or intra-thymic injection of α-GalCer on NKT cells in NOD.Va14tg mice. Flow 
cytometric comparison of the effects of i.v. injection with PBS (A) or α-GalCer (B) on thymic, hepatic and 
splenic NKT cell proportions, subsets (A,B) and absolute numbers (C) in NOD.Va14tg /1 mice (**P < 0.01; 
****P < 0.0001; Mann–Whitney U Test; n = 10 mice/group). (D) Flow cytometric comparison of the effects 
of intrathymic injection of α-GalCer on absolute numbers in NOD.Va14tg mice compared to untreated mice. 
(*P < 0.05; **P < 0.01; Mann–Whitney U Test; n = 5–7 female mice/group). Filled circles represent PBS treated 
mice; filled triangles represent α-GalCer-treated mice.
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numbers of iNKT cells in the periphery were greater in NOD.Va14tg mice injected with α-GalCer, increasing 
from 1.85 ± 0.16 × 106 in livers of the controls to 3.50 ± 0.28 × 106 in those of the treated mice (p < 0.005) and 
from 4.65 ± 0.48 × 106 to 7.24 ± 0.53 × 106 in the spleens (p < 0.005), consistent with antigen-induced activation 
and proliferation (Fig. 8C).

In a separate experiment, the effects of i.v. injection of α-GalCer were examined in NOD.Va14tg mice bearing 
a targeted gene deficiency of CD1d (NOD.Va14tg.Cd1d−/− mice). No significant changes in iNKT cell numbers 
were observed in either the thymi or the periphery, consistent with the changes observed in NOD.Va14tg mice 
being dependent on α-GalCer presentation by CD1d (Supplementary Fig. 1).

Peripheral activation of large numbers of T cells by systemic administration of a polyclonal activator can 
cause bystander thymocyte death by eliciting a “cytokine storm”80. In order to minimise the effects of systemic 
T cell activation in our model of enhanced negative selection of immature iNKT cells, NOD.Va14tg mice were 
subjected to intrathymic injection of α-GalCer and flow cytometric analysis of numbers and subsets of iNKT 
cells 40 h later (Fig. 8D). The effects of intrathymic injection of α-GalCer on thymic iNKT cells were similar to 
those of systemic α-GalCer administration. In terms of absolute numbers, thymic iNKT cell numbers fell from 
3.97 ± 0.70 × 108 (mean ± SEM) to 2.31 ± 0.36 × 108 cells. The proportion of iNKT cells that were DP fell from 
58.7 ± 2.5 to 18.5 ± 1.2% (p < 0.005; Mann–Whitney U Test; n = 5–7). Again, the proportions of CD4 SP and 
DN thymic iNKT cells increased, from 13.7 ± 0.6 to 29.5 ± 0.7% (p < 0.005) and from 23.3 ± 1.6 to 47.1 ± 0.7% 
(p < 0.005) respectively. The specificity of the deletion induced by intrathymic α-GalCer on developing iNKT 
cells, as distinct from conventional T cells, was illustrated by the relative depletion of DPhiCD24hiCD44lo NKT 
cells (> 82%) compared to DPhiCD24hiCD44lo conventional T cells (< 19%).

Transition 3: Differentiation.  The expression levels of all 35,556 transcripts across Transition 3 (imma-
ture CD4 + NKT cells to DN NKT cells) were compared pairwise by Mann–Whitney U test, and those with a U 
statistic of zero (i.e. no overlap between groups) were shortlisted for ranking by Student t Test. Across this transi-
tion, 6,904 transcripts generated a Mann–Whitney U score of zero, and of these, 1,849 were highly differentially 
expressed (HDE; p < 1.0 × 10–6, by t-Test). Of the HDE transcripts, 1,270 were up-regulated in DN NKT cells 
compared to CD4+ NKT cells, while 579 transcripts were down-regulated. Only 47 of these HDE genes were in 
the network, 27 in the “Pink” module and 15 in the “Purple” module. We therefore submitted all (both up and 
down-regulated) genes lists to DAVID Bioinformatics Resources v6.749 for gene ontology analysis of functional 
annotation clustering.

As a generalisation, the gene ontology analysis of functional annotation clustering of the downregulated genes 
was unremarkable. In no case was the Bonferroni corrected Enrichment p value less than 0.001. This unexcep-
tional finding was re-iterated when comparing our gene list with that of Cohen et al.62, Stage 1 genes. While we 
could confirm 186 of their 202 genes (Supplementary Table 1), as significantly downregulated by Stage 1, our 
data indicated that most were down-regulated between the DPNKT and CD4NKT stage, (6 were downregulated 
in Transition 1 alone, and 7 showed down-regulation but did not meet our criteria for stringent cut-off, in both 
Transition 1 and Transition 2). None of the genes mentioned in their gene list, however, were down-regulated 
between CD4 and DN stage in our dataset.

In stark contrast to this, the list of upregulated genes was dominated by those required for the production 
of ribosomes: The top-ranked Annotation Cluster (Enrichment Score 29.06) contained the GO term Nucleolus 
(GO:0005730; enrichment 5.86-fold; p < 1.54 × 10–34 Bonferroni corrected) as well as its various parent terms 
(nuclear lumen, intracellular non-membrane bound organelle, intracellular organelle lumen). Similarly, the 
second top-ranked Annotation Cluster (Enrichment score 23.16) contained the GO term rRNA Processing 
(GO:0006364; enrichment 10.11-fold; p < 2.53 × 10–19), as well as its various parental terms (ncRNA Processing, 
rRNA Metabolic Process, RNA Processing, Ribonucleoprotein Complex Biogenesis, Ribosome Biogenesis and 
ncRNA Metabolic Process). In a comparison with Cohen’s upregulated Stage 1 gene set62, we confirmed 123/146 
transcripts as significantly upregulated in our dataset (Supplementary Table 2; while most genes showed upregu-
lation in Transition 2, 9 were significantly highly differentially upregulated in Transition 1, and although most 
remained unchanged in Transition 3, 18 of the transcripts were again highly significantly up-regulated during 
this transition. These included Plac8, Enpp1, St6galnac4, Slc22a3, Dhrs11, Agpat2, Sccpdh, Maf, Trf, Top1mt, 
Samsn1, Tgm3, Ptpn13, Zbtb10, Fcrl1, Dnmt3b, Ehd4, Ntrk3, genes associated with Metabolic Pathways, Calcium 
Ion Binding and Positive Regulation of Gene Expression. Nine transcripts identified as upregulated by Stage 1 
in Cohen’s dataset62, that were also up-regulated by our CD4NKT cells (Gpr114, Itgae, Ar, Appl2, St8sia6, Dse, 
App, Acsbg1, Adam19; genes associated with the terms Glycoprotein, Signal, Disulphite bond, Membrane, Trans-
membrane and Protein binding), were again significantly downregulated when transitioning to DN NKT cells.

Although these data are consistent with functional differentiation across this transition, there is no evidence 
of major differences in the amount of proteins being produced by the CD4 + and DN subsets of mature iNKT 
cell after export52. An alternative possibility is that the production of ribosomes reflects the maturity of the cells, 
and the DN population, being derived from the CD4 NKT cells is therefore likely to be, on average, more mature.

iNKT1, iNKT2, iNKT17 branch point.  Most of the iNKT1 cells resemble Stage 3 cells (NK1.1+ and 
CD44hi), while iNKT2 and iNKT17 cells are both NK1.1− and therefore resemble those of Stage 1 or Stage 2 
NKT cells and can be mistaken for them4. There is however, some controversy surrounding the developmental 
pathway of these subsets. Certain data substantiates a developmental pathway theory81–84 while other research-
ers favour a lineage differentiation pathway instead4–6,85–91, with questions remaining as to the branch point at 
which iNKT1, iNKT2 and iNKT17 cells emerge. iNKT1 cells are defined as NK1.1+Tbet+4,7,83 with upregulated 
Erg281, FcεR1γ7 and the micro-RNA Let-792, and express the cytokines, IFNγ4,7,83 and CCL57,83, iNKT2 cells are 
NK1.1− with upregulation of either Gata34, Irf-44,83 or Zbtb167,83 and expression of IL44,7,83 and IL137,83; while 
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iNKT17 cells are defined as NK1.1− Rorγt+4,7,83,85 with upregulated IL23R7,83, SerpinB17,83 and Bcl11b88, and they 
express IL177,83. We used these genes as identifiers as possible indicator as to branch point for the individual sub-
sets (Supplementary Fig. 2). Expression levels remained unchanged for most identifiers across these transitions. 
Tbx21 was upregulated in Transition 1 and remained consistently so throughout, while Gata3 showed high level 
expression in all subsets, with particular upregulation in Transition 3, confirming Cameron and Godfey’s previ-
ous observations93. Other identifiers were upregulated, but showed little difference between our early CD4NKT 
and DNNKT populations; Rorc was most highly expressed in Population 1, downregulating in Transition 2 and 
again in Transition 3; and Bcl11b was most highly expressed in DP T cells, with slight down-regulation in Tran-
sition 1 and then remaining constant until Transition 3 when it down-regulated again, although still remaining 
highly expressed. All other genes were of low to medium expression, showing no difference between subsets.

In summary, these observations may be an indication that there is no subset differentiation this early in the 
developmental pathway, although our data is unable to provide support for either of the two theories.

Discussion
This manuscript examines the transcriptional profiles of immature thymic iNKT cell subsets in a novel Vα14 
TCR transgenic strain, and reveals functional characteristics initiated by positive selection on CD4+CD8+ (dou-
ble positive, DP) thymocytes that are distinct from conventional T cells. Previously published data suggesting 
that the thymic DPhiCD24hiCD44loNK1.1−CD1d-tet+TCRβ+ population represents iNKT cells that have not yet 
undergone thymic selection can be summarised as follows:

(1)	 The population lacks expression of the developmental markers typical of mature iNKT cells, viz: NK1.1 
and CD44.

(2)	 It expresses the CD24 marker, which is characteristic of conventional T cells prior to selection.
(3)	 Quantitative PCR analysis of Vα14-Jα18 encoded transcripts of sorted DPhi thymocytes found equivalent 

proportions in WT and Cd1d−/− mice28. Similarly, multiple TCR rearrangements could be detected in DPhi 
thymocytes of WT mice, in contrast with only a single Vα14-Jα18 rearrangement in the DPdull population 
of WT mice28.

The combination of transgenic expression of an NKT-associated Vα14-Jα18 TCRα chain cDNA on the SLAM-
deficient NOD strain background23,24,38 resulted in greatly increased numbers of immature DP iNKT cells. The 
behaviour of these cells under experimental conditions was consistent with them not yet having undergone 
selection, in as much as:

(1)	 Cells of this phenotype were not found outside the thymus, despite very large numbers of them being found 
within it;

(2)	 Their numbers were more than doubled by targeted deletion of CD1d, which is the antigen presentation 
glycoprotein required for iNKT cell positive selection;

(3)	 They were depleted to about half their numbers by systemic or intrathymic injection of the strong iNKT 
cell glycolipid antigen α-GalCer in a CD1d-dependent manner; and

(4)	 They showed only three of 44 transcriptional hallmarks of selection.

NOD.Va14tg mice provided a model of iNKT cell selection in which sufficient pre-selection cells were available 
that the stages and processes involved could be clearly distinguished. Evidence supporting this use of the model 
comes from the relatively large number of transcripts differentially expressed between thymic TCRβ+DPhiCD24hi 
populations that either did, or did not, bind CD1d-tet. This comparison provided evidence of successful TCR 
signalling in thymic DPhiCD24hiNK1.1− NKT cells, including TCRα allelic exclusion and Rag1 down-regulation.

iNKT cells are positively selected by ligating CD1d expressed on DP cortical thymocytes, which account 
for > 80% of all thymocytes. The accumulation of pre-selection DP iNKT cells in NOD.Va14tg mice is consistent 
with an additional rate-limiting step or signal. One possible candidate is the SLAM-SLAM homotypic interaction 
between immature iNKT cells and selecting DP thymocytes. Alternatively, other co-stimulators or cytokines, 
such as IL7 or IL15, may be required.

Although others62 have identified changes in gene expression between DP T and CD24loCD44lo Nk1.1− cells 
(Stage 1), the presence of greatly expanded numbers of very immature iNKT cells in NOD.Va14tg mice provided 
an opportunity to study the very earliest identifiable stages, prior to Stage 1, of iNKT cell commitment and dif-
ferentiation. Thus, while we were able to substantiate other investigators’ findings, we could also determine the 
interval of the occurrence, and in addition, determine the most significant functional changes at each transition. 
In this way, we could help dissect factors associated with, and contributing to the numbers and function of this 
important immunoregulatory population.

Transcriptional analysis comparing immature DP T cells and immature DP iNKT cells revealed a reduction in 
expression of the electron transport genes, such as NADH Dehydrogenase (Nd1, Nd2, Nd4l, Nd5), Cytochrome C 
Oxidase (Cox1, Cox2, Cox3) and ATP Synthase 6 (Atp6) suggesting reduced mitochondrial oxidative phospho-
rylation. This is a characteristic of the Warburg phenomenon, in which cancerous or other rapidly proliferating 
cells increase aerobic glycolysis at the expense of oxidative phosphorylation94,95. In addition, the most strongly 
differentially expressed gene identified across Transition 1 encoded the transcription factor E2F1, which was 
highly significantly upregulated, lending support for increased proliferation in DP iNKT cells. E2F1, E2F2 and 
E2F3 act in a functionally redundant manner to enhance the expression of many genes required for G1 to S 
phase cell cycle progression, proliferation and development, including Cdc6, Ccne1 and Myb56,96. The growth 
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regulatory function of the Rb tumour suppressor protein is mediated by its binding to E2F transcription factors, 
so that while overexpression of E2F1, unopposed by increased RB expression, results in increased proliferation, 
so does E2f1 gene deletion97,98. Consistent with increased E2f1 expression, E2F1- regulated genes, such as Cdc6 
and Ccne1 were also significantly upregulated, as were genes encoding proteins critical for spindle formation 
and chromosome segregation (such as Cenpm) and DNA replication (such as Rpa2).

The role of the E2F pathway in mediating T cell proliferation has been studied in E3f1/E2f2 double knock-
out mice. It appears to play a role in homeostatic proliferation but not in proliferative responses to exogenous 
antigen, as homeostatic proliferation in E3f1/E2f2 double knockout mice is severely reduced99, but proliferation 
in response to exogenous antigen is not99,100. While homeostatic proliferation of naive T cells requires both IL7 
signalling101 and TCR stimulation by MHC-self peptide102, homeostatic proliferation of memory CD4 T cells 
is dependent on TCR stimulation by MHC-self peptide alone103. As homeostatic proliferation of all T cells, 
including memory CD4 T cells is impaired in E3f1/E2f2 double knockout mice, the E2F pathway must play a 
role in mediating T cell proliferation in the context of homeostatic proliferation98. The early processes of T cell 
selection resemble those of homeostatic proliferation, in that they are mediated by MHC-self peptide recogni-
tion and stimulate proliferation. Activation of the E2F pathway in Transition 1 of iNKT cells suggests that T cell 
signalling had occurred.

While Benlagha et al.34 previously reported that DPloCD24hiNK1.1− NKT cells in the thymi of B6 newborn 
mice were non-dividing, our functional validation by in vivo BrdU incorporation, confirmed our hypothesis 
that the immature thymic DPhi iNKT cells in NOD.Vα14Tg mice have increased proliferation. Transcriptional 
evidence of allelic exclusion of competing TCR Vα chains in immature DP iNKT cells was provided by the wide-
spread down-regulation of non-NKT cell TCR Vα genes in Transition 1. This finding was confirmed with flow 
cytometry by the almost complete absence of immature DP NKT cells and mature TCR Vα14-Jα18-expressing 
NKT cells co-expressing other TCRα chains, such as TCR Vα2, Vα3.2 and Vα8.3 (data not shown). Down-
regulation of genes related to the electron transport chain, the activation of the E2F pathway, T cell signaling 
and the down-regulation of non-NKT associated TCR Vα genes suggests that successful TCR signaling occurs 
across Transition 1.

Transcriptional analysis suggests that positive selection and lineage commitment of iNKT cells occurs during 
the transition from immature DP NKT cells to immature CD4 NKT cells. Gene Ontogeny analysis of up-regulated 
HDE genes across this transition identified a wide range of functional lymphocyte-associated membrane proteins, 
such as Toll-like receptors, cytokine receptors, chemokine receptors, integrins and leukocyte differentiation 
markers. In addition, there was a predominance of genes associated with the immunomodulatory and innate-
like properties of iNKT cells, such as Tlr1, Nkg7, Sema4a, Art2b, S1pr1 and Zbtb16. Commitment to the iNKT 
cell lineage is associated with the expression of the transcription factor, PLZF, encoded by Zbtb1661. While there 
was no significant difference in expression of Zbtb16 between immature DP T cells and immature DP NKT cells, 
Zbtb16 was up-regulated more than 13-fold during the subsequent transition from immature DP NKT cells to 
the immature CD4 NKT stage.

The coordinated expression of the innate-like lymphocyte-associated transcription factor PLZF and the sub-
sequent up-regulation of a wide range of cell-surface functional receptors associated with iNKT cell immunobiol-
ogy combine to provide evidence that iNKT cell lineage commitment occurred across Transition 2, between DP 
NKT and immature CD4 NKT cell stage. The occurrence of lineage commitment at Transition 2 raised the issue 
of the timing of the NKT cell selection event. Many of the up-regulated genes expressed by the immature CD4 
NKT cells have been previously reported as associated with the positive selection of conventional T cells64,104 
consistent with iNKT cell selection also occurring across Transition 2.

Positive and negative selection of iNKT cells has been previously studied. iNKT development is markedly 
impaired by the absence of the antigen presenting molecule CD1d25,27,28,43,105–107 or by the early administration 
of α-GalCer79,108. In studies of WT mice, the very low numbers of DP iNKT cells prohibited examination of the 
effect of targeted deletion of CD1d and administration of α-GalCer on DP iNKT cells79.

In the absence of CD1d, immature DP iNKT cells in NOD.Va14tg.Cd1d−/− mice did not progress to nega-
tive selection or maturation and export, resulting in accumulation in the thymus. This may be due to prema-
ture transgenic TCRα expression mimicking the pre-TCRα chain67 and altering the frequencies of TCRβ chain 
usage68. This, however, will require further investigation. The almost complete absence of peripheral iNKT cells 
in NOD.Va14tg.Cd1d−/− mice is consistent with failed positive selection of this population in the absence of CD1d. 
Together, these data are consistent with the hypothesis that positive selection of iNKT cells occurs between the 
immature DP and the CD4 single positive stages.

In summary, our transcriptional regulatory network approach of iNKT cell development mapped TCR sig-
nal modulation or “tuning” to the transition from DP T to DP NKT cells, while positive selection and lineage 
commitment were associated with the transition from DP NKT to CD4 NKT cells. We speculate that this early 
signalling event in NKT cells may constitute “validation” of an effective TCR prior to functional differentiation, 
and that a similar process might also occur in conventional T cells.

Data availability
The data discussed in this publication have been deposited in NCBI’s Gene Expression Omnibus (Dinh et al., 
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query/​acc.​cgi?​acc=​GSE10​6720).

Received: 3 September 2021; Accepted: 22 November 2021

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE106720
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE106720


20

Vol:.(1234567890)

Scientific Reports |        (2021) 11:23650  | https://doi.org/10.1038/s41598-021-02885-w

www.nature.com/scientificreports/

References
	 1.	 Subleski, J. J., Jiang, Q., Weiss, J. M. & Wiltrout, R. H. The split personality of NKT cells in malignancy, autoimmune and allergic 

disorders. Immunotherapy 3(10), 1167–1184 (2011).
	 2.	 Benlagha, K., Weiss, A., Beavis, A., Teyton, L. & Bendelac, A. In vivo identification of glycolipid antigen-specific T cells using 

fluorescent CD1d tetramers. J. Exp. Med. 191, 1895–1903 (2000).
	 3.	 Matsuda, J. L. et al. Tracking the response of natural killer T cells to a glycolipid antigen using CD1d tetramers. J. Exp. Med. 192, 

741–754 (2000).
	 4.	 Lee, Y. J., Holzapfel, K. L., Zhu, J., Jameson, S. C. & Hogquist, K. A. Steady state production of IL-4 modulates immunity in 

different strains and is determined by lineage diversity of iNKT cells. Nat. Immunol. https://​doi.​org/​10.​1038/​ni.​2731 (2013).
	 5.	 Constantinides, M. G. & Bendelac, A. Trancriptional regulation of the NKT cell lineage. Curr. Opin. Immunol. 25(2), 161–167. 

https://​doi.​org/​10.​1016/j.​coi.​2013.​01.​003 (2013).
	 6.	 Jameson, S. C., Lee, Y. J. & Hogquist, K. A. Innate memory T cells. Adv. Immunol. 126, 173–213. https://​doi.​org/​10.​1016/​bs.​ai.​

2014.​12.​001 (2015).
	 7.	 Georgiev, H., Ravens, I., Benarafa, C., Förster, R. & Bernhardt, G. Distinct gene expression patterns correlate with developmental 

and functional traits of iNKT subsets. Nat. Commun. 7, 13116. https://​doi.​org/​10.​1038/​ncomm​s13116 (2016).
	 8.	 Bendelac, A., Killeen, N., Littman, D. R. & Schwartz, R. H. A subset of CD4+ thymocytes selected by MHC class I molecules. 

Science 263, 1774–1778 (1994).
	 9.	 Pellicci, D. G. et al. A natural killer T (NKT) cell developmental pathway involving a thymus-dependent NK1.1-CD4+ CD1d-

dependent precursor stage. J. Exp. Med. 195, 835–844 (2002).
	 10.	 Hammond, K., Cain, W., van Driel, I. & Godfrey, D. Three day neonatal thymectomy selectively depletes NK1.1+ T cells. Int. 

Immunol. 10, 1491–1499 (1998).
	 11.	 Siu, G. et al. The human T cell antigen receptor is encoded by variable, diversity, and joining gene segments that rearrange to 

generate a complete V gene. Cell 37, 393–401 (1984).
	 12.	 Malissen, M. et al. Mouse T cell antigen receptor: structure and organization of constant and joining gene segments encoding 

the beta polypeptide. Cell 37, 1101–1110 (1984).
	 13.	 Kavaler, J., Davis, M. M. & Chien, Y. Localization of a T-cell receptor diversity-region element. Nature 310, 421–423 (1984).
	 14.	 Lo, D. & Sprent, J. Identify of cells that imprint H-2-restricted T-cell specificity in the thymus. Nature 319, 672–675 (1986).
	 15.	 Bix, M., Coles, M. & Raulet, D. Positive selection of V beta 8+ CD4-8- thymocytes by class I molecules expressed by hematopoi-

etic cells. J. Exp. Med. 178, 901–908 (1993).
	 16.	 Lantz, O. & Bendelac, A. An invariant T cell receptor α chain is used by a unique subset of MHC I-specific CD4+ and CD4-8- T 

cells in mice and humans. J. Exp. Med. 180, 1097–1106 (1994).
	 17.	 Ohteki, T. & MacDonald, H. R. Major histocompatibility complex class I related molecules control the development of CD4+8- 

and CD4–8- subsets of natural killer 1.1+ T cell receptor-alpha/beta+ cells in the liver of mice. J. Exp. Med. 180, 699–704 (1994).
	 18.	 Coles, M. C. & Raulet, D. H. Class I dependence of the development of CD4+ CD8- NK1.1+ thymocytes. J. Exp. Med. 180, 

395–399 (1994).
	 19.	 Bendelac, A. et al. CD1 recognition by mouse NK1+ T lymphocytes. Science 268, 863–886 (1995).
	 20.	 Nichols, K. E., Ma, C. S., Cannons, J. L., Schwartzberg, P. L. & Tangye, S. G. Molecular and cellular pathogenesis of X-linked 

lymphoproliferative disease. Immunol. Rev. 203, 180–199 (2005).
	 21.	 Pasquier, B. et al. Defective NKT cell development in mice and humans lacking the adapter SAP, the X-linked lymphoprolifera-

tive syndrome gene product. J. Exp. Med. 201, 695–701 (2005).
	 22.	 Griewank, K. et al. Homotypic interactions mediated by Slamf1 and Slamf6 receptors control NKT cell lineage development. 

Immunity 27, 751–762 (2007).
	 23.	 Jordan, M. A., Fletcher, J. M., Pellicci, D. & Baxter, A. G. Slamf1, the NKT cell control gene Nkt1. J. Immunol. 178, 1618–1627 

(2007).
	 24.	 Jordan, M. A. et al. Role of SLAM in NKT cell development revealed by transgenic complementation in NOD mice. J. Immunol. 

186, 3953–3965 (2011).
	 25.	 Bendelac, A. Positive selection of mouse NK1+ T cells by CD1-expressing cortical thymocytes. J. Exp. Med. 182, 2091–2096 

(1995).
	 26.	 Adachi, Y., Koseki, H., Zijlstra, M. & Taniguchi, M. Positive selection of invariant V alpha 14+ T cells by non-major histocom-

patibility complex-encoded class I-like molecules expressed on bone marrow-derived cells. Proc. Natl. Acad. Sci. U.S.A. 92, 
1200–1204 (1995).

	 27.	 Coles, M. C. & Raulet, D. H. NK1.1+ T cells in the liver arise in the thymus and are selected by interactions with class I molecules 
on CD4+CD8+ cells. J. Immunol. 164, 2412–2418 (2000).

	 28.	 Dashtsoodol, N. et al. Alternative pathway for the development of Vα14+ NKT cells directly from CD4–CD8– thymocytes that 
bypasses the CD4+CD8+ stage. Nat. Immunol. 18, 274–282 (2017).

	 29.	 Gapin, L., Matsuda, J. L., Surh, C. D. & Kronenberg, M. NKT cells derive from double-positive thymocytes that are positively 
selected by CD1d. Nat. Immunol. 2, 971–978 (2001).

	 30.	 Benlagha, K., Kyin, T., Beavis, A., Teyton, L. & Bendelac, A. A thymic precursor to the NK T cell lineage. Science 296, 553–555 
(2002).

	 31.	 McNab, F. W. et al. The influence of CD1d in postselection NKT cell maturation and homeostasis. J. Immunol. 175, 3762–3768 
(2005).

	 32.	 Swat, W., Dessing, M., Baron, A., Kisielow, P. & von Boehmer, H. Phenotypic changes accompanying positive selection of 
CD4+CD8+ thymocytes. Eur. J. Immunol. 22, 2367–2372 (1992).

	 33.	 Page, D. M., Kane, L. P., Allison, J. P. & Hedrick, S. M. Two signals are required for negative selection of CD4+CD8+ thymocytes. 
J. Immunol. 151, 1868–1880 (1993).

	 34.	 Benlagha, K., Wei, D. G., Veiga, J., Teyton, L. & Bendelac, A. Characterization of the early stages of thymic NKT cell develop-
ment. J. Exp. Med. 202, 485–492 (2005).

	 35.	 Baxter, A. G., Kinder, S. J., Hammond, K. J., Scollay, R. & Godfrey, D. I. Association between alphabetaTCR+CD4-CD8- T-cell 
deficiency and IDDM in NOD/Lt mice. Diabetes 46, 572–582 (1997).

	 36.	 Poulton, L. D. et al. Cytometric and functional analyses of NK and NKT cell deficiencies in NOD mice. Int. Immunol. 13, 887–896 
(2001).

	 37.	 Hammond, K. J. et al. alpha/beta-T cell receptor (TCR)+CD4-CD8- (NKT) thymocytes prevent insulin-dependent diabetes 
mellitus in nonobese diabetic (NOD)/Lt mice by the influence of interleukin (IL)-4 and/or IL-10. J. Exp. Med. 187, 1047–1056 
(1998).

	 38.	 Esteban, L. M. et al. Genetic control of NKT cell numbers maps to major diabetes and lupus loci. J. Immunol. 171, 2873–2878 
(2003).

	 39.	 Tsaih, S. W., Khaja, S., Ciecko, A. E., Mackinney, E. & Chen, Y. G. Genetic control of murine invariant natural killer T cells maps 
to multiple type 1 diabetes regions. Genes Immun. 14, 380–380 (2013).

	 40.	 Jahng, A. W. et al. Activation of natural killer T cells potentiates or prevents experimental autoimmune encephalomyelitis. J. 
Exp. Med. 194(12), 1789–1799 (2001).

https://doi.org/10.1038/ni.2731
https://doi.org/10.1016/j.coi.2013.01.003
https://doi.org/10.1016/bs.ai.2014.12.001
https://doi.org/10.1016/bs.ai.2014.12.001
https://doi.org/10.1038/ncomms13116


21

Vol.:(0123456789)

Scientific Reports |        (2021) 11:23650  | https://doi.org/10.1038/s41598-021-02885-w

www.nature.com/scientificreports/

	 41.	 Lehuen, A. et al. Overexpression of natural killer T cells protects Valpha14- Jalpha281 transgenic nonobese diabetic mice against 
diabetes. J. Exp. Med. 188(10), 1831–1839 (1998).

	 42.	 Hammond, K. J. et al. CD1d-restricted NKT cells: an interstrain comparison. J. Immunol. 167, 1164–1173 (2001).
	 43.	 Mendiratta, S. et al. CD1d1 mutant mice are deficient in natural T cells that promptly produce IL-4. Immunity 6, 469–477 (1997).
	 44.	 Bendelac, A., Hunziker, R. D. & Lantz, O. Increased interleukin 4 and immunoglobulin E production in transgenic mice over-

expressing NK1 T cells. J. Exp. Med. 184, 1285–1293 (1996).
	 45.	 Sawada, S., Scarborough, J. D., Killeen, N. & Littman, D. R. A lineage-specific transcriptional silencer regulates CD4 gene expres-

sion during T lymphocyte development. Cell 77, 917–929 (1994).
	 46.	 Johnson, W. E., Rabinovic, A. & Li, C. Adjusting batch effects in microarray expression data using empirical Bayes methods. 

Biostatistics 8, 118–127 (2007).
	 47.	 Hahne, F. et al. Extending pathways based on gene lists using InterPro domain signatures. BMC Bioinform. 9(3), S4 (2008).
	 48.	 Langfelder, P. & Horvath, S. WGCNA: An R package for weighted correlation network analysis. BMC Bioinform. 9, 559 (2008).
	 49.	 Huang, D. W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of large gene lists using DAVID Bioinformat-

ics Resources. Nat. Protoc. 4, 44–57 (2009).
	 50.	 Fletcher, J. M. et al. Congenic analysis of the NKT cell control gene Nkt2 implicates the peroxisomal protein Pxmp4. J. Immunol. 

181, 3400–3412 (2008).
	 51.	 Godfrey, D. I. & Berzins, S. P. Control points in NKT-cell development. Nat. Rev. Immunol. 7, 505–518 (2007).
	 52.	 Coquet, J. M. et al. Diverse cytokine production by NKT cell subsets and identification of an IL-17-producing CD4-NK1.1- NKT 

cell population. Proc. Natl. Acad. Sci. U.S.A. 105, 11287–11292 (2008).
	 53.	 Shannon, P. et al. Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res. 

13, 2498–2504 (2003).
	 54.	 Warburg, O. On respiratory impairment in cancer cells. Science 124, 269–270 (1956).
	 55.	 Grossman, Z. & Paul, W. E. Dynamic tuning of lymphocytes: Physiological basis, mechanisms, and function. Annu. Rev. Immunol. 

33, 677–713 (2015).
	 56.	 Johnson, D. G., Schwarz, J. K., Cress, W. D. & Nevins, J. R. Expression of transcription factor E2F1 induces quiescent cells to 

enter S phase. Nature 365, 349–352 (1993).
	 57.	 Foltz, D. R. et al. The human CENP-A centromeric nucleosome-associated complex. Nat. Cell Biol. 8(5), 458–469. https://​doi.​

org/​10.​1038/​ncb13​97 (2006).
	 58.	 Lin, Y. L. et al. The evolutionarily conserved zinc finger motif in the largest subunit of human replication protein A is required 

for DNA replication and mismatch repair but not for nucleotide excision repair. J. Biol. Chem. 273, 1453–1461 (1998).
	 59.	 Seman, M. et al. NAD-induced T cell death: ADP-ribosylation of cell surface proteins by ART2 activates the cytolytic P2X7 

purinoceptor. Immunity 19(4), 571–582 (2003).
	 60.	 Chen, J. et al. Targeted disruption of CD38 accelerates autoimmune diabetes in NOD/Lt mice by enhancing autoimmunity in 

an ADP-ribosyltransferase 2-dependent fashion. J. Immunol. 176(8), 4590–4599 (2006).
	 61.	 Savage, A. K. et al. The transcription factor PLZF directs the effector program of the NKT cell lineage. Immunity 29, 391–403 

(2008).
	 62.	 Cohen, N. R. et al. Shared and distinct transcriptional programs underlie the hybrid nature of iNKT cells. Nat. Immunol. 14(1), 

90–99. https://​doi.​org/​10.​1038/​ni.​2490 (2013).
	 63.	 Kovalovsky, D. et al. The BTB-zinc finger transcriptional regulator PLZF controls the development of invariant natural killer T 

cell effector functions. Nat. Immunol. 9, 1055–1064. https://​doi.​org/​10.​1038/​ni.​1641 (2008).
	 64.	 Huang, Y. H., Li, D., Winoto, A. & Robey, E. A. Distinct transcriptional programs in thymocytes responding to T cell receptor, 

Notch, and positive selection signals. Proc. Natl. Acad. Sci. U.S.A. 101, 4936–4941 (2004).
	 65.	 Tsaih, S.-W. et al. A locus on mouse chromosome 13 inversely regulates CD1d expression and the development of invariant 

natural killer T-cells. Genes Immunity 16, 221–230 (2015).
	 66.	 Sundararaj, S. et al. Differing roles of CD1d2 and CD1d1 proteins in type I natural killer T cell development and function. PNAS 

https://​doi.​org/​10.​1073/​pnas.​17166​69115 (2018).
	 67.	 Baldwin, T. A., Sandau, M. M., Jameson, S. C. & Hogquist, K. A. The timing of TCRα expression critically influences T cell 

development and selection. J. Exp. Med. 202, 111–121 (2005).
	 68.	 Wei, D. G., Curran, S. A., Savage, P. B., Teyton, L. & Bendelac, A. Mechanisms imposing the Vβ bias of Vα14 natural killer T 

cells and consequences for microbial glycolipid recognition. J. Exp. Med. 203, 1197–1207 (2006).
	 69.	 Aifantis, I., Buer, J., Boehmer, H. & Azogui, O. Essential role of the pre-T cell receptor in allelic exclusion of the T cell receptor 

β locus. Sci. Direct 7, 601–607 (1997).
	 70.	 Bedel, R. et al. Effective functional maturation of invariant natural killer T cells is constrained by negative selection and T-cell 

antigen receptor affinity. Proc. Natl. Acad. Sci. U.S.A. 111, E119–E128. https://​doi.​org/​10.​1073/​pnas.​13207​77110 (2014).
	 71.	 Klibi, J. & Benlagha, K. Cortical thymocytes along with their selecting ligands are required for the further thymic maturation 

of NKT cells in mice. Front. Immunol. 11(815), 2020. https://​doi.​org/​10.​3389/​fimmu.​2020.​00815.​eColl​ection (2020).
	 72.	 Hu, T., Gimferrer, I. & Alberola-Ila, J. Control of early stages in invariant natural killer T-cell development. Immunology 134, 

1–7. https://​doi.​org/​10.​1111/j.​1365-​2567.​2011.​03463.x (2011).
	 73.	 Bezbradica, J. S., Hill, T., Stanic, A. K., Van Kaer, L. & Joyce, S. Commitment toward the natural T (iNKT) cell lineage occurs at 

the CD4+8+ stage of thymic ontogeny. Proc. Natl. Acad. Sci. U.S.A. 102, 5114–5119 (2005).
	 74.	 Kishimoto, H. & Sprent, J. Negative selection in the thymus includes semimature T cells. J. Exp. Med. 185, 263–271 (1997).
	 75.	 Kappler, J. W., Staerz, U., White, J. & Marrack, P. C. Self-tolerance eliminates T cells specific for Mls-modified products of the 

major histocompatibility complex. Nature 332, 35–40 (1988).
	 76.	 Jenkinson, E. J., Kingston, R., Smith, C. A., Williams, G. T. & Owen, J. J. Antigen-induced apoptosis in developing T cells: A 

mechanism for negative selection of the T cell receptor repertoire. Eur. J. Immunol. 19, 2175–2177 (1989).
	 77.	 Kisielow, P., Blüthmann, H., Staerz, U. D., Steinmetz, M. & von Boehmer, H. Tolerance in T-cell-receptor transgenic mice involves 

deletion of nonmature CD4+8+ thymocytes. Nature 333, 742–746 (1988).
	 78.	 Kawano, T. et al. CD1d-restricted and TCR-mediated activation of Vα14 NKT cells by glycosylceramides. Science 278, 1626–1629 

(1997).
	 79.	 Pellicci, D. G. et al. Intrathymic NKT cell development is blocked by the presence of alpha-galactosylceramide. Eur. J. Immunol. 

33, 1816–1823 (2003).
	 80.	 Zhan, Y. et al. Without peripheral interference, thymic deletion is mediated in a cohort of double-positive cells without classical 

activation. Proc. Natl. Acad. Sci. U.S.A. 100, 1197–1202 (2003).
	 81.	 Seiler, M. P. et al. Elevated and sustained expression of the transcription factors Egr1 and Egr2 controls NKT lineage differentia-

tion in response to TCR signaling. Nat. Immunol. 13(3), 264–271. https://​doi.​org/​10.​1038/​ni.​2230 (2012).
	 82.	 Zhang, L. et al. Mammalian target of rapamycin complex 1 orchestrates invariant NKT cell differentiation and effector function. 

J. Immunol. 193, 1759–1765. https://​doi.​org/​10.​4049/​jimmu​nol.​14007​69 (2014).
	 83.	 Engel, I. et al. Innate-like functions of natural killer T cell subsets result from highly divergent gene programs. Nat. Immunol. 

17(6), 728–739. https://​doi.​org/​10.​1038/​ni.​3437 (2016).
	 84.	 Thapa, P. et al. The differentiation of ROR-γt expressing iNKT17 cells is orchestrated by Runx1. Sci. Rep. 7(1), 7018. https://​doi.​

org/​10.​1038/​s41598-​017-​07365-8 (2017).

https://doi.org/10.1038/ncb1397
https://doi.org/10.1038/ncb1397
https://doi.org/10.1038/ni.2490
https://doi.org/10.1038/ni.1641
https://doi.org/10.1073/pnas.1716669115
https://doi.org/10.1073/pnas.1320777110
https://doi.org/10.3389/fimmu.2020.00815.eCollection
https://doi.org/10.1111/j.1365-2567.2011.03463.x
https://doi.org/10.1038/ni.2230
https://doi.org/10.4049/jimmunol.1400769
https://doi.org/10.1038/ni.3437
https://doi.org/10.1038/s41598-017-07365-8
https://doi.org/10.1038/s41598-017-07365-8


22

Vol:.(1234567890)

Scientific Reports |        (2021) 11:23650  | https://doi.org/10.1038/s41598-021-02885-w

www.nature.com/scientificreports/

	 85.	 Michel, M. L. et al. SLAM-associated protein favors the development of iNKT2 over iNKT17 cells. Eur. J. Immunol. 46(9), 
2162–2174. https://​doi.​org/​10.​1002/​eji.​20164​6313 (2016).

	 86.	 Lee, Y. J. et al. Lineage specific effector signatures of iNKT cells are shared amongst γδ T, innate lymphoid, and T helper cells. 
J. Immunol. 197, 1460–1470 (2016).

	 87.	 Berzins, S. P., McNab, F. W., Jones, C. M., Smyth, M. J. & Godfrey, D. I. Long-term retention of mature NK1.1+ NKT cells in the 
thymus. J. Immunol. 176, 4059–4065 (2006).

	 88.	 Uddin, M. N. et al. Transcription factor Bcl11b sustains iNKT1 and iNKT2 cell programs, restricts iNKT17 cell program, and 
governs iNKT cell survival. Proc. Natl. Acad. Sci. U.S.A. 113(27), 7608–7613. https://​doi.​org/​10.​1073/​pnas.​15218​46113 (2016).

	 89.	 Townsend, M. J. et al. T-bet regulates the terminal maturation and homeostasis of NK and Valpha14i NKT cells. Immunity 20, 
477–494 (2004).

	 90.	 Watarai, H. et al. Development and function of invariant natural killer T cells producing TH2- and TH17-cytokines. PLoS Biol. 
10, e1001255. https://​doi.​org/​10.​1371/​journ​al.​pbio.​10012​55 (2012).

	 91.	 Matsuda, J. L. et al. Homeostasis of V alpha 14i NKT cells. Nat. Immunol. 3, 966–974 (2002).
	 92.	 Pobezinsky, L. A. et al. Let-7 microRNAs target the lineage-specific transcription factor PLZF to regulate terminal NKT cell 

differentiation and effector function. Nat. Immunol. 16(5), 517–524. https://​doi.​org/​10.​1038/​ni.​3146 (2015).
	 93.	 Cameron, G. & Godfrey, D. I. Differential surface phenotype and context-dependent reactivity of functionally diverse NKT 

cells. Immunol. Cell Biol. 96, 759–771 (2018).
	 94.	 Vander Heiden, M. G., Cantley, L. C. & Thompson, C. B. Understanding the Warburg effect: The metabolic requirements of cell 

proliferation. Science 324, 1029–1033 (2009).
	 95.	 Vander Heiden, M. G. et al. Metabolic pathway alterations that support cell proliferation. Cold Spring Harb. Symp. Quant. Biol. 

76, 325–334 (2011).
	 96.	 Wu, L. I. et al. The E2F1-3 transcription factors are essential for cellular proliferation. Nature 414, 457–462 (2001).
	 97.	 Yamasaki, L. et al. Tumor induction and tissue atrophy in mice lacking E2F–1. Cell 85, 537–548 (1996).
	 98.	 Field, S. J. et al. E2F–1 functions in mice to promote apoptosis and suppress proliferation. Cell 85, 549–561 (1996).
	 99.	 DeRyckere, D. & DeGregori, J. E2F1 and E2F2 are differentially required for homeostasis-driven and antigen-induced T cell 

proliferation in vivo. J. Immunol. 175, 647–655 (2005).
	100.	 Zhu, J. W. et al. E2F1 and E2F2 determine thresholds for antigen-induced T-cell proliferation and suppress tumorigenesis. Mol. 

Cell Biol. 21, 8547–8564 (2001).
	101.	 Schluns, K. S., Kieper, W. C., Jameson, S. C. & Lefrançois, L. Interleukin-7 mediates the homeostasis of naïve and memory CD8 

T cells in vivo. Nat. Immunol. 1, 426–432 (2000).
	102.	 Ernst, B., Lee, D. S., Chang, J. M., Sprent, J. & Surh, C. D. The peptide ligands mediating positive selection in the thymus control 

T cell survival and homeostatic proliferation in the periphery. Immunity 11, 173–181 (1999).
	103.	 Tan, J. T. et al. Interleukin (IL)-15 and IL-7 jointly regulate homeostatic proliferation of memory phenotype CD8+ cells but are 

not required for memory phenotype CD4+ cells. J. Exp. Med. 195, 1523–1532 (2002).
	104.	 Mick, V. E., Starr, T. K., McCaughtry, T. M., McNeil, L. K. & Hogquist, K. A. The regulated expression of a diverse set of genes 

during thymocyte positive selection in vivo. J. Immunol. 173, 5434–5444 (2004).
	105.	 Chen, Y. H., Chiu, N. M., Mandal, M., Wang, N. & Wang, C. R. Impaired NK1+ T cell development and early IL-4 production 

in CD1-deficient mice. Immunity 6, 459–467 (1997).
	106.	 Smiley, S. T., Stitt, T. N. & Grusby, M. J. Cross-linking of protein S bound to lymphocytes promotes aggregation and inhibits 

proliferation. Cell Immunol. 181, 120–126 (1997).
	107.	 Wei, D. G. et al. Expansion and long-range differentiation of the NKT cell lineage in mice expressing CD1d exclusively on cortical 

thymocytes. J. Exp. Med. 202, 239–248 (2005).
	108.	 Chun, T. et al. CD1d-expressing dendritic cells but not thymic epithelial cells can mediate negative selection of NKT cells. J. 

Exp. Med. 197, 907–918 (2003).

Acknowledgements
The authors would like to acknowledge the kind gift of the Vα14-Jα18 transgenic construct by Prof Albert Ben-
delac, invaluable help of Mr Benjamin Crowley, the advice, suggestions and comments of Prof Dale Godfrey, 
helpful discussions with Prof Jon Sprent and Prof Bill Heath, and the help and support of our animal attendants, 
Ms Kylie Robertson, Ms Nicole Fraser, Ms Serrin Rowarth and Ms Jo-Anne Diaz. AGB Acknowledges the warm 
and supportive environment of the Peter Doherty Institute for Immunity and Infection in which the writing of 
this manuscript was commenced.

Author contributions
M.A.J. and A.G.B. contributed equally to this manuscript. M.A.J. prepared the Valpha14 construct; established 
the transgenic lines, performed microarrays and analyses with help from L.S. and supervised the work. X.T.D. 
performed all cellular experiments with instruction and insight from S.B. and the help of A.G. D.S. constructed 
the network. M.M. performed the qPCR validations. A.G.B. supervised the work. All authors contributed to the 
data analyses, interpretation and writing of the manuscript.

Funding
XTD was supported by an Australian Development Scholarship. MAJ was supported by an MS Research Aus-
tralia/NHMRC Research Betty Cuthbert Fellowship. AGB was supported by an Australian National Health 
and Medical Research Council (NHMRC) Research Fellowship. This project was funded by the NHMRC and 
intramural funding from James Cook University.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​02885-w.

Correspondence and requests for materials should be addressed to M.A.J.

Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.1002/eji.201646313
https://doi.org/10.1073/pnas.1521846113
https://doi.org/10.1371/journal.pbio.1001255
https://doi.org/10.1038/ni.3146
https://doi.org/10.1038/s41598-021-02885-w
https://doi.org/10.1038/s41598-021-02885-w
www.nature.com/reprints


23

Vol.:(0123456789)

Scientific Reports |        (2021) 11:23650  | https://doi.org/10.1038/s41598-021-02885-w

www.nature.com/scientificreports/

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Modulation of TCR signalling components occurs prior to positive selection and lineage commitment in iNKT cells
	Materials and methods
	Mice. 
	Cell suspensions. 
	Flow cytometry. 
	Cell sorting. 
	In vivo treatment with α-GalCer. 
	Microarray analyses. 
	Gene co-expression network. 
	Gene ontology analysis. 
	In vivo BrdU incorporation assays. 
	First-strand cDNA synthesis. 
	Real-time quantitative PCR. 
	Statistical analyses. 

	Results
	Production and characterisation of NOD.Va14tg mice. 
	iNKT cell developmental subsets in NOD.Va14tg mice. 
	Transcriptional analysis of immature iNKT cells in NOD.Va14tg mice. 
	Weighted gene co-expression network. 
	Transition 1: Modulation of TCR signaling. 
	Transition 2: Lineage Commitment. 
	Transition 2: Selection. 
	Effect of enhanced negative selection on iNKT cells in NOD.Va14tg mice. 
	Transition 3: Differentiation. 
	iNKT1, iNKT2, iNKT17 branch point. 

	Discussion
	References
	Acknowledgements


